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Abstract 
 
Microwave systems for medical diagnosis and treatment have been of increasing interest in 
both academia and industry over the past few years. Among numerous biomedical 
applications, breast cancer, brain stroke and heart failure detection have been attracting 
significant interests. Microwave detection and treatment systems, which are compact, low-
cost, and efficient, have great potential to become a complementary detection and diagnosis 
modality for biomedical applications. Moreover, microstrip antenna arrays are often used in 
modern telecommunication and radar systems which require a complicated feeding network 
consisting of several microwave devices such as power divider, phase shifter, etc. These 
outstanding merits ignite increasing investment and research into the design and building 
efficient microwave systems, which are composed of several main parts, namely the antenna 
array, microwave transceiver, and signal processing algorithms.  
 
This thesis investigates the key passive microwave devices, such as in-phase and out-of-
phase power dividers, multiport feeding network, and leakage cancellation circuit, needed to 
build microwave systems. According to the particularity of the circumstances and the 
complexity of the system, many challenges in designing the devices as well as a sub-system 
are analyzed. For an efficient and reliable microwave based system, these devices have been 
designed to provide the required performance concerning the bandwidth, return loss, insertion 
loss, isolation etc. using compact and low-cost planar structures. This thesis develops five 
series of methodologies to tackle these challenges; several sub-systems based on these 
methodologies are successfully implemented in the laboratory environment.  
 
The contribution in the first series is designing a variety of power dividers that operate as the 
feeding network of the microwave system. To obtain a wideband operation, two approaches 
are investigated. For the first one, the single layer microstrip-slot technology is employed to 
obtain the successful development of the components. This technique is applied to the in-
phase and out of phase power divider. The simulated and measured results of the microstrip-
slot components show the wideband performances across 1-8 GHz. The contribution in the 
second series is to design power dividers with high power handling capability. Both in-phase 
and out phase power dividers is designed using parallel coupled microstrip lines in order to 
obtain wideband performance. In this case, several power dividers from medium to high 
power handling capability are designed from 1-3 GHz. Detailed design procedures and 
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experimental verifications are introduced. The proposed devices are initially calculated using 
a proper theory, then simulated using full-wave EM simulators, and finally fabricated and 
tested.  
 
The contribution in the third series is to integrate a leakage cancellation circuit for monostatic 
radar applications, which is built using a combination of in-phase and out-of-phase power 
dividers, into a transceiver based microwave detection system, wideband performance is 
realized with the help of microstrip-to-slotline transition structures and thus the transmitting 
and receiving signals with different reflecting coefficients is easily collected with high 
isolation for further signal processing procedure. The main objective is to effectively cancel 
the leakage signal and to increase the transmitter-to-receiver isolation in the conventional 
monostatic radar-based head imaging system for which is susceptible to transmitter signal 
leakage to a receiving path through a circulator. 
 
The contribution in the fourth series is to design a multiway feeding network for antenna 
array in microwave brain hyperthermia applications. In this case, coupled line power divider 
is used to develop multiport feeding network with high power handling capability. The 
feeding network consists of four outputs with equal magnitude and phase operating from 1-
2.5GHz.  
 
The contribution in the fifth and final series is to design a microwave induced brain 
hyperthermia system which consists of a tapered slot antenna, multiway power divider, 
transmission lines as phase shifters and head phantom. At first, the simulation environment is 
built consisting of antenna array of four elements along with head phantom. The simulation is 
done by changing the amplitude and phase at the target location and the results show the 
possibility of focusing hyperthermia treatment at the tumour location. At last, the simulated 
results observed at different heating times confirm that the effectiveness of the proposed 
microwave focusing technique is successful. 
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Chapter 1 – Introduction 
 
This introductory chapter presents the background and underlying motivation of this research 
for utilizing wideband planar passive devices for the microwave based system. A description 
of the typical wideband microwave devices is provided along with its advantages and 
applications. The aims and original contributions of the thesis are also described. The 
organization of the thesis is outlined in the final section of this chapter. 
1.1 Research Background and Motivation 
Microwave-based imaging systems for biomedical application have been attracting increased 
interest due to their preferred characteristics compared with traditional diagnostic techniques 
such as X-ray mammography, CT scans, and MRI. The recent results presented in [1]-[3] 
indicate a great clinical potential for a microwave-based imaging system in biomedical 
applications. In [4]-[7], the microwave-based head imaging system was investigated to reveal 
that microwave-based imaging system has the ability to detect stroke inside the human brain. 
Moreover, microwave imaging system also acts as the possible tool to detect congestive heart 
failure [8]-[9]. 
 
Microwave-based imaging systems require microwave devices and sub-system integrated to 
form a complete system. Microwave devices represent the hardware part of the system, 
whereas signal and image processing techniques represent the software part of the system. 
The goal of microwave-based imaging systems is to either show an image or to detect the 
target that helps in the diagnosis decision. Designing microwave devices for those systems 
should meet certain requirements, such as the bandwidth, return loss, gain, efficiency etc. 
using low-cost compact structures.  
 
Multiple microwave devices are required to build microwave detection and treatment systems 
for biomedical applications, including power dividers, couplers, filters, phase shifters, 
circulators, crossovers, etc. With the help of proper transceiver and detection techniques, it is 
reasonable and feasible to construct such detection system using the devices mentioned 
above. In this project, the main target is to design novel and applicable microwave devices 
and then integrate them into a sub-system that forms the main part of the microwave 
detection system. The project consists of designing microwave devices covering the bands 
used in most of the known biomedical applications, i.e. 1-3 GHz. Therefore, the main goal of 
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this project is to design devices covering those bands to build a global system for any of those 
applications. Hence, how to achieve a compact design with simple structure and good 
performance and then integrate them into a system is still a challenge. In the following part of 
this section, a brief literature review as well as evaluation of the previous related works.  
 
In a transceiver based microwave detection system, the generated signals from the transmitter 
are sent unilaterally to antennas, while the receiving signals from antennas are sent 
unilaterally to the receiver. Circulator, which could transmit the signal from any port to the 
next port in rotation only, is perfectly suitable in this scenario. Traditional circulators are 
mostly constructed by using ferrite materials or active components, which are expensive, hard 
to integrate with systems. Moreover, in a conventional monostatic radar system [10] 
transmitter signal leakage is present to a receiving path through a circulator,  which may 
severely degrade the receiver sensitivity and saturate the receiver front-end block. As a result, 
an in-phase power divider and an out-of-phase balun are cascaded to design the leakage 
cancellation circuit. Therefore, passive in-phase power dividers and out-of-phase power 
divider with wide bandwidth, low insertion loss, and compact size are necessary to design. 
Moreover, designing multiway feeding networks of the brain hyperthermia system would be 
a significant advantage similar to the existing breast hyperthermia treatment system [11]. 
1.2 Wideband microwave devices – advantages and applications 
Components, such as power dividers, couplers, baluns, and crossovers, distribute signals to 
the desired output with desired amplitude and phase variations. Power dividers (PDs), or 
power splitters, are used to split the input signal to two or more outputs with same phase (in-
phase PDs) or 180° phase difference (out-of-phase PDs). Since transceivers use wideband 
signals, it is favorable to design wideband PDs to cover the whole band range from 1GHz to 
3GHz. The most widely known in-phase PDs (Wilkinson and Gysel types) have limited band 
and thus cannot be used directly for UWB applications. 
 
Ernest J. Wilkinson introduced The Wilkinson Power Divider in 1960 [12]. The purpose of 
the Wilkinson Power Divider is to split the power of the input equally between two output 
ports, ideally without loss. It can also be used in the reverse direction as a power combiner. 
One of the biggest drawbacks of the Wilkinson Power Divider is that it has a quite narrow 
bandwidth. On the other hand, Ulrich Gysel introduced the Gysel power divider in 1975 [13]. 
The Gysel power divider is devised with several advantages such as high power-handling 
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capability and monitoring ability for imbalance at the output ports, in which aspects it 
outperforms the Wilkinson power divider. However, the conventional Gysel power divider 
has a narrow bandwidth for about 30%, which is narrower than that of the Wilkinson power 
divider. To alleviate the shortcomings of the available designs concerning the covered band, 
achievable power ratios, structure, complexity and size, several designs have been presented 
recently [14]- [20]. 
 
Besides power dividers, other multi-port devices such as couplers, crossovers are 
indispensable passive components of the microwave-based imaging system. Couplers are 
four-port components, where two ports represent the output ports and one port is isolated 
from the input port. There are various types of couplers, including branch-line couplers [21], 
directional couplers [22], Lange couplers [23], and rat-race couplers [24]. The key parameters 
and requirements for coupler design include bandwidth, coupling factor, isolation, output 
phase difference, etc. Crossover is also a four-port circuit to allow a pair of intersecting lines 
to cross each other while maintaining the required isolation between the two signal paths. 
Many methods have been presented to design planar crossovers in the past few years by using 
the ring and branch-line couplers [25] - [26], patch resonator [27], and microstrip-to-slot 
line/coplanar waveguide transitions in a multilayer or dual-side configurations [28].  
 
In this thesis, several microwave devices (in-phase power divider and out of phase power 
divider) have been proposed for constructing a sub-system for microwave systems. The 
presented single layer in-phase power divider has broadband performance and compact size 
suitable for the portable microwave transceiver system for medical imaging. The simulation 
and measurement results of the proposed power divider show that it has acceptable return loss 
(more than 10dB)  the isolation between the two output ports is more than 15 dB across that 
band with an additional insertion loss of less than 0.5 dB across 100% fractional bandwidth. 
The designed extremely wideband in-phase power divider achieved fractional bandwidths of 
141% with less than 0.5 dB of insertion loss, more than 10 dB of return loss and more than 15 
dB of isolation. Similarly, the coupled line in-phase and out of phase power divider provides 
more than 100% fractional bandwidth assuming 16 dB of isolation and 10 dB of return loss as 
the reference. The device has an equal power division between the two output ports with less 
than 0.2 dB amplitude imbalances and less than 2̊ phase imbalance across the band 1 – 3 
GHz. Furthermore, the proposed out of phase power divider show 100% fractional bandwidth 
(1.15-3.25 GHz) assuming 15 dB of isolation and 10 dB of return loss as the reference. The 
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phase difference between the signals at the two output ports is 180˚±1˚ across the frequency 
band 1– 3.5 GHz. These results indicate that these devices can be adopted in building 
microwave detection systems.  
 
1.3 Aim of the Thesis 
This project aims at developing microwave devices and sub-systems that are low-cost, 
compact, planar and wideband for microwave based medical applications. The following 
approaches are taken into account to achieve the goals of this project:  
1) Design of In-phase and Out-of-phase power divider: compact, wideband in-phase 
power divider has to be designed with wide bandwidth and high isolation in order to 
split the power of the input equally among output ports. The validity of the proposed 
designs will be verified using experimental methods.   
2) Design of high power handling power divider: compact, wideband power divider with 
high power handling capability has to be designed with high isolation. The validity of 
the proposed design will be verified using experimental methods.  
3) Design of a leakage cancellation network: a leakage cancellation network has to be 
designed combining the in-phase and out of phase power divider. By integrating both 
types of the power divider, the leakage cancellation network will be proposed to 
construct the sub-system to improve the performance of the circulator used in the 
monostatic radar-based imaging system. The validity of the proposed design will be 
verified using experimental methods.  
4) Design of multiport feeding network and antenna array for hyperthermia simulation 
model: A multiway feeding network has to be designed using power dividers with the 
same amplitude and phase for the antenna array. The validity of the proposed design 
will be verified using experimental methods. A realistic simulation environment 
consisting of the head model and antenna array to simulate the brain tumor scenario 
has to be built in electromagnetic simulators like HFSS/CST. 
1.4 Original Contributions of the Thesis 
 
The research works undertaken to attain the aim of this thesis result in the following original 
contributions: 
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1) Design and development of several in-phase and out of phase power dividers. This 
includes: 
a. A technique to design, wideband in-phase power divider on a single layer 
substrate using microstrip to slotline technology is introduced. 
b. Design and development of three-octave band Wilkinson design with multiple 
novelties is presented for high quality performance. 
c. A technique to design modified Wilkinson power divider to attain better 
performances compared to the previously reported designs. 
d. Several out of phase power dividers are built with novelties in terms of compact, 
wideband and maintaining industry standards. 
 
2) Design and development of power divider using parallel coupled microstrip 
structures. The contributions include: 
a. A technique to design compact in-phase and out of phase power divider using 
parallel coupled lines is proposed. 
b. Several modified Wilkinson designs using parallel coupled lines, maintaining 
industry standard, is designed and prototyped. 
c. Two-way and four-way modified Gysel power divider is designed with medium 
and high power handling capability for hyperthermia system 
 
3) The design of a leakage cancellation network using microstrip to slotline structure are 
simulated and prototyped. The contributions include: 
a. Both in-phase and out of phase power divider is integrated to design the leakage 
cancellation circuit with improved performance. 
b. The design is prototyped to verify the performance of the network. 
 
4) The multiport feeding network is designed and fabricated for the development of a 
microwave-based hyperthermia system The contributions include:  
a. Design of multiport feeding network using four-way power divider. 
b. Design and development of the multiport feeding network by integrating parallel 
coupled lines with power divider. 
c. An array-based, full-wave electromagnetic simulation of human head phantom 
with a brain tumor in realistic environment. 
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d. Thermal simulations to determine the temperature distribution inside the head 
phantom. 
 
1.5 Organization of the Thesis 
The research works undertaken in this thesis are organized as follows: 
 
Chapter 1 presents the background and underlying motivation behind current research. A 
brief discussion of power dividers is provided with a discussion of the advantages of using 
these devices compared to the existing state-of-the-art technologies. Moreover, the challenges 
faced by this wideband technology for the intended application are investigated. The aims 
and original contributions of this thesis are also outlined in details. 
 
Chapter 2 discusses current research trends and gives a brief literature review on state-of-the-
art work on relevant microwave devices and sub-systems. The existing design techniques and 
limitations of designing devices are discussed which is followed by a detailed discussion of 
microwave system using passive devices. The chapter ends with the details of the challenges 
in designing wideband microwave devices to meet required criteria of the industry as well as 
for microwave system for medical applications. 
 
Chapter 3 gives the design techniques and analysis methods which are used in the 
development of microwave components. To describe the transmission characteristics of a 
device, key parameters, like scattering parameters and ABCD matrices, are used. The 
principle of the even- and odd-mode analysis method, which is widely used for deriving the 
properties of symmetrical and reciprocal networks, is presented. The focus is on the 
technique of using microstrip to slotline and other techniques using coupled microstrip line 
since this is the main technique in this thesis for verification of electromagnetic models. The 
theory of operation of design techniques which has been used in this thesis is explained in 
detail.  
 
Chapter 4 presents the design and development of in-phase and out-of-phase power dividers 
and the introduction of microstrip to slotline transition technique using single layer substrate 
for bandwidth enhancement. Several power dividers are designed, prototyped, and measured 
using this technique. 
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Chapter 5 introduces the design and development compact wideband power dividers using 
parallel coupled microstrip lines potentially applicable for a wideband microwave system 
which are validated using equivalent circuits, simulation, and measurement results. 
 
Chapter 6 presents the development of a leakage cancellation network and multiway feeding 
network as an application of designing power dividers for wideband microwave system. Both 
simulation and experimental results of the network, as well as its performance, is discussed in 
detail. Nevertheless, verification of brain hyperthermia relying on the simulation environment 
is also presented and discussed in detail as another application of passive devices in a 
wideband microwave system. 
 
Chapter 7 concludes the thesis with suggestions for future works. 
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Chapter 2-Overview of microwave based systems using 
passive devices  
2.1 Introduction  
This chapter presents a review of microwave passive devices and their applications. The 
focus is on the multiport feeding network, such as power divider and its applications. The 
traditional design methods are described and the state of the art microwaves based system 
using microwave devices, reported in the literature, are also detailed in this section. 
 
2.2  Design Techniques of Power Dividers 
Passive microwave components are critical compositions which can be found in every 
microwave system. A power divider formed by a three-port network with an input port and 
two output ports is a fundamental component extensively used in a variety of microwave 
circuits and subsystems. They are widely used in antenna arrays, power amplifiers, mixers, 
phase shifters and vector modulators [29]. According to the phase difference between the 
output ports, this device can be classified as a quadrature (90º), in-phase (0º) or out-of-phase 
(180º). 
 
Fig. 2.1 Configuration of Wilkinson power divider [29] 
The simplest three-way PD is the Wilkinson divider [29] as shown in Fig. 2.1. It is the most 
commonly used device to achieve in-phase or out-of-phase signal division. The purpose of the 
Wilkinson Power Divider is to split the power of the input equally between two output ports, 
ideally without loss. It can also be used in the reverse direction – as a power combiner. Other 
properties of the Wilkinson power divider is that all ports are matched, the two output 
terminals are isolated from one another, and that it is reciprocal. Three-port networks cannot be 
reciprocal and matched without being lossy, a resistor is thus added between the two outputs. 
Because of the use of resistive elements, it provides a match at all ports and isolation between 
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output ports. However, the resistive elements also contribute to some insertion loss, which, in 
some applications, is unwelcome.  
 
Fig.2.2 Equivalent circuit of Wilkinson power divider 
Fig 2.2 depicts the equivalent circuit of the Wilkinson power divider. For simplicity, all 
impedances is normalised to the characteristic impedance Z○ (50Ω) and the circuit is redrawn 
in Fig 2.3, with voltage generators at the output ports  
 
Fig 2.3 Normalised and symmetric form of Wilkinson power divider [29] 
The circuit network is symmetric across the middle plane. Z1 is the source resistors which are 
combined in parallel to generate a normalised resistor value and Z2 is the impedance of a 
matched source. The quarter wavelength transmission line has a normalised characteristic 
impedance of Z and the lumped resistor has a normalised value of r. In case of equal splitting 
(3dB) Wilkinson power divider, Z=√2 Z○, r =2Z○. 
 
The analysis of Wilkinson power divider can be obtained by even-odd mode circuit [29]. For 
even mode circuit, Vg2 =Vg3 = 2V, and for odd mode, Vg2 =-Vg3 =2V. By using superstition of 
two modes of circuit, an excitation of Vg2 =4V and Vg3 =0 is obtained which can define S-
Parameters of the network. 
 
10 
 
 
 
Fig 2.4 Even-mode excitation of Wilkinson power divider [29] 
 
In case of even mode circuit, 
     Vg2 =Vg3 = 2V, V2e = V3e 
Due to the equivalent voltages, there is no current flow along the plane of symmetry (again the 
plane that bisects the circuit). The lack of current flow implies that a virtual open exists along 
the plane of symmetry as shown in Fig 2.4  
The circuit can be seen as a quarter wave transformer, resulting in Zine =Z
2
/2. 
 
If port 2 is to be matched for even mode excitation, then Z=√2Z○ and V2e =V, Zine =Z. 
Letting x=0 at port 1 and x= -λ/4 at port 2, voltage on the transmission line is 
V(x) = V (e
-jβx
 + Γ ejβx)    (2.1) 
V2e = V(-λ/4) = jV
+
(1-Γ) = V                     (2.2) 
V1e = V(0) = V
+(1+Γ) = jV+(1+Γ) =jV(Γ+1)/(Γ-1)   (2.3) 
 
The reflection coefficient Γ is that seen at port 1, looking to resistor of 2Z○ 
                           Γ = (2-√2)/(2+√2)                                                     (2.4) 
 
Thus  
         V1e =-jV√2                                                  (2.5) 
 
Fig. 2.5 Odd-mode excitation of Wilkinson power divider [29] 
On the other hand, in odd mode circuit, Vg2 = -Vg3 = 2V, V2o =V3o and there is voltage null 
along the middle of the circuit. The odd mode circuit is shown in Fig 2.5. There is an 
impedance of r/2 since quarter wavelength transmission line is shorted at port 1 and open 
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circuit at port 2. So port 2 is matched, if r=2Z○. Thus, V2o =V and V1o =0, which means all 
power is transmitted to r/2 resistors, none is going to port 1. 
Finally, it is possible to find input impedance at port 1, when quarter wavelength transformers 
connected to port 2 and 3 are terminated in normalised matched loads, which is 
Zin = ½ (√2Z○)
2
 = Z○                                                    (2.6) 
Therefore, the S-Parameters are 
S11 = 0 (Zin = Z○ at port 1)                                                                     (2.7) 
S22 =S33 = 0 (port 2 and 3 are matched for even and odd mode)                (2.8) 
S12 = S21 = (V1e +V1o)/(V2e +V2o) = -j/√2 (symmetry due to reciprocity)     (2.9) 
S13 =S31 = -j/√2 (symmetry pf port 2 and port 3)                                    (2.10) 
S23 = S32 = 0 (due to short and open circuits)                                           (2.11) 
 
The three-way Wilkinson divider is a narrowband device. Hence, it is not suitable for 
wideband applications. To overcome these problems, several configurations were proposed 
[30]–[34]. However, the results shown in those papers indicate a narrowband performance 
with around 30% fractional bandwidth, and they are all for equal power division. The power 
handling capability of the devices based on the Wilkinson design is basically determined by 
its utilized isolation resistor. The isolation resistor of the Wilkinson device is connected 
internally as part of the circuit and is isolated from the ground. Thus, the Wilkinson design 
cannot be used in high power applications as the heat generated in the isolation resistor 
cannot be dissipated effectively.  
 
Fig. 2.6 Configuration of Gysel power divider [38] 
In order to overcome the power handling capability of Wilkinson design, another technique 
were introduced which is commonly known as Gysel power divider [13]. In this technique, 
the two isolation resistors used are external to the structure and both are connected to the 
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ground. Thus, any heat that is generated in those resistors can be easily dissipated. Thus, the 
Gysel design is suitable for high power applications. The main disadvantage of the Gysel 
power divider is the limited fractional bandwidth. Several methods were proposed to extend 
the bandwidth of Gysel devices [35]-[38].  
 
The traditional Gysel power divider is shown in Fig 2.6. The device consists of two 
transmission lines of characteristic impedance of Z1 lead from input port to the two output 
ports. In this case, all the transmission lines are quarter wavelength long at the centre 
frequency of the divider. In the Wilkinson divider, resistor is connected in between the output 
ports, but the Gysel divider replaces resistor with a combination of transmission lines and 
shunt connected resistor of value R. Transmission line of characteristic impedance of Z2 is 
connected to output ports at one end and at other end, connected to transmission lines of 
characteristic impedance of Z3. Therefore, the resistors are external to the circuit, so the 
divider obtains power handling capability.  
 
2.3 Existing Design Techniques and Limitations 
In order to alleviate the shortcomings of the conventional techniques of power dividers 
concerning the frequency bandwidth, structure complexity, size, cost, several designs have 
been presented in the literature. 
 
(a)                                                                  (b) 
Fig. 2.7 Developed power divider in (a) [72] and (b) [68]  
Several designs have been reported using different techniques [39]-[77] such as multilayer 
technology containing microstrip to slotline transition, microstrip lines, filtering response, 
coupled line etc. with wideband performances. A compact multilayer three-way power 
divider with ultra-wideband performance was introduced in [72] as shown in Fig. 2.7 (a). The 
input and one of the output ports, which are stripline ports, are located at the mid layer of the 
structure, while the other two output ports, which are microstrip ports, are at the top and 
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bottom layers. The ground plane, which also includes the coupling slot, is at the second and 
fourth layers of the circuit. There are two isolated ports, which have no power output are 
terminated in matched loads to absorb any reflected signal from the output ports. The 
simulated and measured results show that the insertion loss is equal to 4.77 ±1 dB for each of 
the three output ports across the band 3.1–10.6 GHz. The proposed divider exhibits better 
than 17 dB return loss at its ports with more than 15 dB isolation across the ultra-wide 
frequency band. On the other hand, [68] consists of the configuration of a compact uniplanar 
out of phase power divider with low insertion loss as shown in Fig. 2.7 (b). Compared to the 
Wilkinson power divider, this device does not use any resistive elements. As a result, the 
better the match at the input and output ports, the worse is the isolation between the output 
ports. In the presented design, the three-port exhibits 10 dB return loss across an ultra-wide 
frequency band from 3.1 to 10.6 GHz, with isolation between the output ports about 8 dB 
across the same band. 
 
Fig. 2.8 Developed power divider in [74] 
In order to overcome the problems regarding isolation in multilayer technology, several novel 
techniques have been introduced. In [74] multilayer microstrip line-slotline coupling structure 
is developed as shown Fig 2.8. The input port is located on the top layer of the structure, 
whereas the output ports are at the top layer and bottom layer. The ground plane, which also 
includes the one-wavelength long slotline resonator, is at the mid layer of the structure. In 
this case, a hole from the top layer to bottom layer was drilled containing an isolation resistor 
to prevent signal transmission between two output ports. The simulated and measured results 
provides 10 dB return loss, 3 dB insertion loss and 15 dB isolation across the band from 3.1 
to 10 GHz.  
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Fig. 2.9 Developed power divider in [75] 
Again in Fig 2.9, the half-wavelength slotline is employed to construct the novel wideband 
four-way out-of-phase power dividers and to improve the isolation performance; the isolation 
circuit was considered [75]. In this case, a new air-bridge isolation resistor is across the input 
microstrip lines and connected with the two central points of the two output microstrip lines. 
Moreover, another isolation resistor was embedded in the slotline under the common ground 
plane. The simulated and measured results of the power dividers have shown acceptable input 
impedance matching, low insertion loss, and good amplitude balance from 3.1 to 10.9 GHz. 
Moreover, the out-of-phase slotline power divider with isolation resistors has also 
demonstrated reasonable isolation of 15 dB among the output ports. 
 
Fig 2.10 Developed power divider in [76] 
Recently, substrate integrated waveguide (SIW) is also widely used to design wideband 
power divider [76]. The design of Fig 2.10 is a multilayer SIW power divider with slot 
coupling structure. The power divider consists of a SIW T-junction, four output coupling 
microstrip lines, and two rectangular coupling slots etched on the common ground of SIW 
and microstrip lines to realize energy coupling. Reasonable isolation is realized by using two 
isolation resistors. It has wider bandwidth than other traditional ones by employing double 
microstrip-coupling structure. 
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Fig. 2.11 Developed power divider in [77] 
Apart from multilayer technology, parallel coupled microstrip lines have been applied in 
order to obtain wideband performances. In [77], an equal-power three-way divider based on 
three parallel-coupled microstrip lines is proposed. Two independent strategies are employed 
in this design as shown in Fig 2.11. Firstly, lumped capacitors are used symmetrically to 
connect the centre line with each of the sidelines which increase the effective odd-odd mode 
capacitor, and thus, decrease the odd-odd mode impedance without any impact on the even-
even mode circuit. Secondly, a slotted ground is used underneath the coupled structure to 
decrease the effective even-even mode capacitor, and thus to increase the even-even mode 
impedance with negligible impact on the odd-odd mode circuit. The simulated and measured 
output power, return loss, and isolation show that the proposed divider operates well across 
the frequency band from 4 to 11 GHz. 
 
2.4 Existing microwave based system using microwave devices 
Microwave systems for diagnosis and treatment have been attracting increasing interests in 
many biomedical areas. It is well known that breast cancer, brain stroke and heart failure, 
which could all lead to death or disability, and are becoming most common diseases in 
modern societies. How to get quick and accurate detection of the aforementioned diseases is 
extremely crucial for patients’ survival and treatment. Traditional diagnostic techniques such 
as X-ray mammography, CT scan and MRI, are widely used in clinical applications. 
Wideband microwave imaging system, which is an attractive alternative due to the fact that it 
is less time-consuming with much lower cost, has shown great potential in biomedical 
applications. In the recent decade, many microwave imaging systems (Fig 2.12) were 
investigated and constructed for breast cancer, head stroke, and heart failure detection [3]-[4], 
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[78]. At the same time, researches for diagnosis, treatment, and prevention of cancer are also 
highly demanded recently.  
 
Fig. 2.12 Configuration of the microwave imaging system [3] 
Microwave-induced hyperthermia has received increased attention in recent years in the 
treatment of cancer [79]-[81]. It is an effective way to treat tumors. The main objective of this 
treatment is to elevate the temperature of cancerous tissue above 42
○
C to induce cell death 
while maintaining normal temperature in the surrounding normal tissues. Recently, 
microwave hyperthermia of brain tumor has gained attention due to advances in microwave 
hardware [82]-[85]. 
In a microwave hyperthermia system, the effective way to shape the temperature distribution 
can be realized by optimizing the electric field distribution inside the head via optimizing the 
excitation signals of the used antenna elements. As a result, a beam-focusing network is 
required to control the phase and amplitude of each antenna for an accurate focusing of 
microwave power at a tumor location inside the human body [81]. In this case, the power 
divider is highly demanded in microwave hyperthermia as a feeding network. Though many 
works have been done in these areas, there are still many problems remained in the existed 
systems.  
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Fig. 2.13 (a) Experimental setup and (b) Configuration of the sub-antenna array for breast 
model built in CST  
 
Beam-focusing is a critical signal processing technique in microwave-based detection system 
as well as microwave hyperthermia system. Recently, many works on this techniques in 
medical imaging areas have been done [79]-[85] using optimization. Beam-focusing 
technique which  is constructed to get amplitude and phase distribution and thus change the 
directionality of the antenna array when transmitting and receiving signals, is an appealing 
microwave technique for beam-forming realization. In [81], the focusing technique is 
performed via a 3D antenna array (Fig 2.13) placed around a realistic breast phantom. The 
proposed focusing technique overcomes the impractical limitations of previous studies since 
actual antenna arrays are used to localise heating at the tumor location within the patient-
specific breast model.  
 
Microwave devices for antenna arrays have also been used to design hexagonal focused array 
for microwave hyperthermia treatment [85]. In this case, the focused antenna array designed 
is used as the transmitting antenna and a testing antenna is introduced in the target as the 
receiving antenna. A feeding network is designed following the technique of multiport power 
divider and impedance transformer to achieve the required excitation. Fig 2.14 shows the 
experimental setup consisting of the body-mimicking phantom and 18 elements hexagonal 
array with feeding network and antennas. The proposed design is verified with experiments 
which indicated that microwave energy can be effectively confined in the target without any 
hotspots in the surrounding area and therefore suitable for hyperthermia application. 
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 Fig. 2.14 (a) photograph of the experimental setup (b) Feeding network [85]  
 
Microwave system for heartbeat and breath rate monitoring [86] is of primary interest for 
vital sign detection. In order to build the system a lot of research has been conducted on 
microwave interferometric radar techniques which provide the advantages of microwave 
propagation with high resolution and low system complexity. The six-port receiver 
architecture, used as an interferometer, is a passive structure featuring two input ports and 
four output ports. This monostatic radar technique with interferometry as shown in Fig 2.15 
consists of a Wilkinson power divider and three hybrid branch line coupler in order to 
generate phase shift to measure minor movements due to breathing and heart activity of the 
person under test.  
 
(a)                                                      (b) 
Fig. 2.15 System configuration (a) proposed sensor device and (b) photograph of the 
hardware prototype [86] 
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Fig. 2.16 (a) Antenna array prototype with feeding network [87] and (b) phased array 
network [88] 
 
In the case of phased array which plays a crucial role in modern wireless communication 
system requires feeding network in order to develop beam forming [87] or beam switching 
[88] network. In order to develop the network, several microwave devices are required along 
with the feeding network such as quadrature hybrids, phase shifters, crossover etc. As shown 
in Fig 2.16 (a) the methodology to develop the network can steer the beam in any desired 
direction using the multiport network. On the other hand, in the case of Fig. 2.16 (b), the 
feeding network functions as a beam switching array for data communication and 
positioning. 
 
Moreover, in a transceiver based microwave detection system [89], the generated signals 
from Tx needs to be sent unilaterally to antennas, while the receiving signals from antennas 
should be sent unilaterally to Rx. A circulator, which could transmit the signal from any port 
to the next port in rotation only, is perfectly suitable for this scenario. Traditional circulators 
are mostly constructed by using ferrite materials or active components, which are expensive 
hard to be integrated to systems with narrowband performance along with low isolation. A 
passive leakage cancellation circuit can be used here by connecting an in-phase power divider 
and an out-of-phase balun in cascade with wide bandwidth, low insertion loss, high isolation 
and compact size are necessary to design.  
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2.5 Conclusion  
This chapter discussed the existing techniques of power dividers reported in the literature. It 
shows that the previous studies have proposed promising techniques that can be used for the 
design of wideband devices. However, these approaches still present many challenges such as 
complexity of the design techniques, cost etc. such drawbacks are used to tailor the current 
research which will be presented in the following chapter. 
 
This chapter also briefly describes the applications of microwave devices in different fields 
such as antenna array, medical applications. In the following chapter, the coupled simulation 
project is used to investigate the focusing microwave power for brain hyperthermia in order 
to represent the application power dividers in medical fields which are validated by 
experiments. Moreover, application of power divider as a subsystem in a monostatic radar 
system for head imaging system will be shown through the design technique of leakage 
cancellation circuit. 
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Chapter -3 Design Methodologies 
3.1 Introduction 
Wideband microwave passive devices are designed following different methodologies. These 
are the fundamental building blocks of microwave devices. Based on these methodologies, 
symmetrical and asymmetrical single port to multiport networks can be designed using 
various types of transmission lines such as microstrip line, slot line, CPW etc. 
 
3.2 Fundamental circuit parameters 
3.2.1 Scattering matrix and power divider characteristics 
The scattering matrix can completely describe the behaviour of linear, multiport device at a 
given frequency and given impedance. Since they are particularly suitable for problems of 
power transfer in networks designed to be terminated by complex loads, the scattering 
parameters has convenient application in problems that involve insertion loss (e.g., filters, 
couplers, power dividers, hybrids) and matching networks. Moreover, the scattering 
parameters are closely associated with the power transfer properties of a network; they are 
indispensable in the design of microwave networks.  
 
The scattering matrix, or S-matrix, is used to relate voltage wave’s incident on device ports to 
voltage waves reflected from device ports, considering both magnitude and phase. The S-
matrix in terms of reflected voltage waves V
-
 and incident voltage waves V
+
 can be written as 
[29]:
 
[
𝑉1
−
⋮
𝑉𝑁
−
] = [
𝑆11 ⋯ 𝑆1𝑁
⋮ ⋱ ⋮
𝑆𝑁1 ⋯ 𝑆𝑁𝑁
] [
𝑉1
+
⋮
𝑉𝑁
+
]                   (3.1) 
And simplified to  
[𝑉−] = [𝑆][𝑉+]                                       (3.2) 
Using these equations, each element of the S-matrix can be derived. The general equation for 
an element of the S- matrix can be defined as follows where the incident waves drive port j 
and the reflected wave exits port i to provide the S-matrix element Sij 
𝑆𝑖𝑗 = 
𝑉𝑖
−
𝑉𝑗
+                                                (3.3) 
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In case of power divider, due to reciprocity, Sij = Sji for all i and j. Based on this relationship 
between the S-matrix elements of a reciprocal device, a reciprocal device has a symmetrical 
S-matrix. 
Another property of the S-matrix is the amount of loss that can be attributed to the device 
itself. In case of a lossless device [29],  
[𝑆]𝑡[𝑆]∗ = [𝐼]       (3.4) 
Where I is the identity matrix, the superscript t represents the transpose of the matrix and the 
superscript asterisk represents the conjugate of the matrix.  
 
Isolation between the output ports of a power divider is also critical to device performance. 
Isolation is characterized as the ability of a signal at one port to not affect, or be isolated 
from, the signal at another port. For a four port power divider, isolation between output ports 
two, three and four is important for reducing cross-talk that can be caused by coupling 
between the ports. In the S-matrix, the elements S23 and S32 are associated with the isolation 
between the output ports. These correspond to signals entering port two and exiting port three 
and vice versa. When the magnitudes of these elements are small, high isolation is achieved 
between the ports. 
The ideal power divider would be lossless, or very low-loss, reciprocal, and easily matched at 
each port. In case of a three port power divider [29] 
[𝑆] =  [
𝑆11 𝑆12 𝑆13
𝑆21 𝑆22 𝑆23
𝑆31 𝑆32 𝑆33
]                    (3.5) 
 
When all ports are matched 𝑆𝑖𝑗 =0 and the reciprocal matrix reduces to 
[𝑆] =  [
0 𝑆12 𝑆13
𝑆21 0 𝑆23
𝑆31 𝑆32 0
]           (3.6) 
 
For the lossless condition to be true, the above matrix must be unitary and satisfy the 
following conditions 
𝑆12𝑆12
∗ + 𝑆13𝑆13
∗ = |𝑆12|
2 + |𝑆13|
2 = 1          (3.7a) 
𝑆21𝑆21
∗ + 𝑆23𝑆23
∗ = |𝑆21|
2 + |𝑆23|
2 = 1          (3.7b) 
𝑆31𝑆31
∗ + 𝑆32𝑆32
∗ = |𝑆31|
2 + |𝑆32|
2 = 1          (3.7c) 
 
 
Moreover,        
𝑆13
∗ 𝑆23 = 0
𝑆23
∗ 𝑆12 = 0
𝑆12
∗ 𝑆13 = 0
                               (3.8) 
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Equation (3.8) shows that at least two of the three parameters of must be zero. However, a 
three-port network cannot be simultaneously lossless, reciprocal, and matched at all ports, as 
the condition of (3.8) will always be inconsistent with one of the equations 3.7(a)-3.7(c). 
Therefore,  |𝑆13|
2 + |𝑆23|
2 = 0 this contradicts|𝑆31|
2 + |𝑆32|
2 = 1. If the three port network 
is lossy, then it can be reciprocal and matched at all ports. 
 
3.2.2 ABCD Matrix 
 
Many microwave networks consists of two or more port networks. In case of multi-port 
microwave networks, it is convenient to define ABCD matrix for each two port network and 
in this way it is possible to calculate the ABCD matrix of two or more networks by 
multiplying the ABCD matrices of the individual two-ports. 
 
Fig 3.1 Two port network 
In case of a two-port network, the ABCD matrix can be defined as shown in Fig 3.1 in terms 
of voltages and currents [29] 
𝑉1 = 𝐴𝑉2 + 𝐵𝐼2 
     𝐼1 = 𝐶𝑉2 + 𝐷𝐼2 
In the matrix form it can be defines as 
[
𝑉1
𝐼1
] = [
𝐴1 𝐵1
𝐶1 𝐷1
] [
𝑉2
𝐼2
]                   (3.9) 
 
Where the left hand side of the matrix represents the voltage and current at port 1 of the 
network and the right hand side represents the voltage and current at port 2.  
 
Fig 3.2 Four port network 
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In case of cascaded connection of the two ports network (Fig 3.2) 
                               [
𝑉1
𝐼1
] = [
𝐴1 𝐵1
𝐶1 𝐷1
] [
𝑉2
𝐼2
]                     (3.10) 
                                [
𝑉2
𝐼2
] = [
𝐴2 𝐵2
𝐶2 𝐷2
] [
𝑉3
𝐼3
]                      (3.11) 
 
 
Substituting (2.3) into (2.2) 
 
                                       [
𝑉1
𝐼1
] =  [
𝐴1 𝐵1
𝐶1 𝐷1
] [
𝐴2 𝐵2
𝐶2 𝐷2
] [
𝑉3
𝐼3
]                    (3.12) 
 
 
It represents that the ABCD matrix of the cascaded connection is equal to the product of the 
individual ABCD matrix of two ports. 
 
3.3 Even-odd mode analysis 
Analysis of symmetric networks can be done using the well-known even-odd mode analysis. 
The circuit analysis is easy for symmetric three or four port network in case of lossless 
network with negligible junction effects. 
 
 
(a) 
 
  (b)      (c) 
Fig 3.3 Even-odd mode excitation analysis for a symmetrical network (a) whole network (b) 
even mode and (c) odd mode [29] 
 
In case of symmetrical network as shown in fig 3.3 when in-phase or even mode excitation 
are applied at ports 1 and 4 with two signal amplitude of  Vg/2, then due to symmetry a 
voltage maximum will occur at every point on the plane of symmetry which is equivalent to 
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open circuit. On the other hand, when two signals with amplitude of Vg/2 and out of phase or 
odd mode excitation are applied at ports 1 and 4, then a voltage minimum will occur at every 
point on the plane of symmetry which is equivalent to short circuit. 
 
3.4 Microstrip design technique 
 
3.4.1 Microstrip line 
 
Fig 3.4 Schematic of microstrip line 
Microstrip is a fabrication technique of electrical transmission line that can be fabricated 
using printed circuit board and use for microwave components designs. It has multiple 
advantages of easy fabrication, low cost, high reliability, and easy integration and so on. 
Microstrip line usually consists of a metal line mounted on a substrate with dielectric constant 
of εr and a metal ground on the bottom as shown in Fig 3.4. If εr =1, then there is propagation 
of pure TEM (transverse-electromagnetic) wave. However, due to substrate (εr >1) and the 
region of air above substrate, propagation speed of TEM wave in air is c, while in substrate it 
is c/ εr. Therefore, microstrip technique does not support propagation of put TEM wave. In 
reality, however, the thickness of the substrate is much smaller than the wave length of the 
propagating wave (D<<λ), and thus the microstrip technique can support-TEM wave. 
The phase velocity νp and propagation constant β can be expressed as 
𝑣𝑝 =
𝑐
𝜀𝑒
                      (3.13) 
𝛽 = 𝑘○√𝜀𝑒                  (3.14) 
where c is the speed of light, k○ is the propagation constant for free space  and εe is the 
effective dielectric constant of the substrate. For D as the thickness of the substrate and W, as 
the width of the conductor, the effective dielectric can be obtained as 
𝜀𝑒 =
𝜀𝑟+1
2
+
𝜀𝑟−1
2
1
√1+12𝐷/𝑊
                  (3.15) 
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For a given dimension of a microstrip line, its characteristic impedance is 
𝑍○ =
{
 
 
 
 
60
√𝜀𝑒
ln (
8𝑑
𝑊
+
𝑊
4𝑑
)                                           
𝑊
𝐷
≤ 1                    (3.16)
120𝜋
√𝜀𝑒 [
𝑊
𝐷 + 1.393 + 0.667 ln (
𝑊
𝐷 + 1.444)]
      
𝑊
𝐷
≥ 1           (3.17)
 
For a given value of Z○ and εr, then ratio of W/D can be obtained as 
𝑊
𝐷
= {
8𝑒𝐴
𝑒2𝐴−2
                                                                                               
𝑊
𝐷
< 2
2
𝜋
[𝐵 − 1 − ln(2𝐵 − 1) +
𝜀𝑟−1
2𝜀𝑟
{ln𝐵 − 1 + 0.39 −
0.61
𝜀𝑟
}] 
𝑊
𝐷
> 2
     (3.18) 
where 
𝐴 =
𝑍○
60
√
𝜀𝑟+1
2
+
𝜀𝑟−1
𝜀𝑟+
(0.23 +
0.11
𝜀𝑟
)                                                           (3.19) 
𝐵 =
377
2𝑍○√𝜀𝑟
                                                                                             (3.20) 
On the other hand, the length of a microstrip line with electrical length of θ at the frequency 
of f can be calculated from the equation as follows 
𝑙 =
𝜃
𝛽
=
𝜃𝑐
2𝜋𝑓√𝜀𝑒
                                                                                       (3.21) 
These equations were derived by [29] and [90]. Therefore, designing microwave components 
using this technique, it is convenient to calculate the dimensions of the substrate when 
electrical parameters are defined. 
 
3.4.2 Microstrip coupled line 
 
Two transmission lines are a pair of coupled-line when two signals travelling along different 
transmission lines which are near enough to each other, and there is a coupling between two 
signals that is common to each other. Microstrip coupled-lines are very common in 
microwave components. When a voltage is applied on one microstrip line of a pair of 
coupled-line, there will be voltage difference between two lines and between lines with the 
ground, which lead to a charge distribution on metals. This distribution of charges can be 
modelled with equivalent capacitances, as shown in Fig. 3.5, where even-mode and odd-
mode models are given with the grounded capacitances and mutual capacitances. 
 
Since the coupled-line for per length can be modelled with equivalent capacitances, the 
transmission characteristics of a coupled-line can be calculated using the even-mode and odd-
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mode separately, where the magnetic wall and electrical wall are applied along the symmetric 
line. 
 
(a)                                                (b) 
Fig 3.5 Model of a coupled-line operating in (a) even-mode; (b) odd-mode [107] 
Assume that the gap between two lines is s, the values for the grounded capacitances, and are 
given in [29] as: 
                                     𝐶1 =
𝜀𝑟𝜀0𝑊
𝐷
                              (3.22) 
𝐶2 =
√𝜀𝑒
2(𝑐𝑍0)
−
𝐶1
2
    (3.23) 
                                     𝐶3 =
𝐶2
1+𝐴(
𝐷
𝑠
) tanh(
8𝑠
𝐷
)
√
𝜀𝑟
𝜀𝑒
                             (3.24) 
where 
                                 𝐴 = 𝑒𝑥𝑝 {−0.1𝑒𝑥𝑝 [2.33 − 2.53 (
𝑊
𝐷
)]}    (3.25) 
For the mutual capacitance C12 and C13 in the odd-mode model, a term k is defined as 
𝑘 =
𝑠
𝐷
𝑠
𝐷 + 2(
𝑊
𝐷)
 
If 0 ≤ k2 ≤ 0.5, another term K is defined as 
𝐾 =
1
𝜋
ln{2
1 + (1 − 𝑘2)
1
4
1 − (1 − 𝑘2)
1
4
} 
Else if 0.5 < k
2
 ≤ 1, 
𝐾 =
𝜋
ln{2(1 + √𝑘)/(1 − √𝑘)}
 
The mutual capacitance in the air and in the substrate can be expressed as 
𝐶12 = 𝜀0𝐾                                                                      (3.26) 
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𝐶13 =
𝜀𝑜𝜀𝑟
𝜋
ln coth
𝜋𝑠
4𝐷
+ 0.65 𝐶𝑓 (
0.02𝐷
𝑠 √𝜀𝑟 + 1 − 𝜀𝑟
−2) (3.27) 
The even and odd mode characteristic impedances are related to even and odd mode 
capacitances Ceven and Codd. 
𝑍𝑜𝑒 =
1
𝑐√𝐶𝑒𝑣𝑒𝑛𝐶𝑒𝑎𝑖𝑟
                                                                (3.28) 
𝑍𝑜𝑜 =
1
𝑐√𝐶𝑜𝑑𝑑𝐶𝑜𝑎𝑖𝑟
                                                                   (3.29) 
where Ceair and Coair are the even and odd mode capacitances when the dielectric is replaced 
by air. The even and odd mode equivalent capacitances can be expressed as 
𝐶𝑒𝑣𝑒𝑛 = 𝐶1 + 𝐶3                                                                         (3.30) 
𝐶𝑜𝑑𝑑 = 𝐶1 + 𝐶3 + 2𝐶12 + 2𝐶13                                                    (3.31) 
If the coupled line width, gap, and the ground width are assumed as wc, s and ws, then by 
using the conformal mapping technique and Schwartz-Christoffel method, the equivalent 
capacitances and dimensions of the structure can be obtained as follows [107]: 
𝐶𝑒𝑣𝑒𝑛 = 𝜀0 [𝜀𝑟
𝐾′(𝑘1)
𝐾(𝑘1)
+
𝐾′(𝑘2)
𝐾(𝑘2)
]                                                             (3.32) 
𝐶𝑜𝑑𝑑 = 𝜀0 [
𝐾′(𝑘3)
𝐾(𝑘3)
+ 𝜀𝑟 {
𝐾′(𝑘1)
𝐾(𝑘1)
+
𝐾′(𝑘4)
𝐾(𝑘4)
}]                                              (3.33) 
Where 
𝑘1 = √
1 + 𝑒𝑥𝑝 (−𝜋
𝑤𝑠 − 𝑠
2𝐷 )
1 + 𝑒𝑥𝑝 (−𝜋
𝑤𝑠 − 𝑠 − 2𝑤𝑐
2𝐷 )
 
𝑘2 = tanh (
𝜋𝑤𝑠
4(𝐷 + 𝑑)
) tanh(
𝜋(𝑤𝑠 + 𝑠)
4(𝐷 + 𝑑)
) 
𝑘3 =
𝑤𝑠 − 2𝑠
𝑤𝑠
 
𝑘4 =
tanh (
𝜋𝑠
4𝐷)
tanh (
𝜋(𝑠 + 2𝑤𝑐)
4𝐷 )
 
                              𝑑 = {
𝑤𝑐
𝑤𝑠−𝑠
2
                                   𝑤𝑐 >
(𝑤𝑠−𝑠)
2
 
                                                                                              𝑤𝑐 < (𝑤𝑠 − 𝑠)/2 
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3.4.3 Microstrip to slotline transition 
 
Microstrip to slot-line transitions has a number of useful applications in microwave devices 
including pulse inverters and a variety of hybrids. Many researchers have dealt with the 
microstrip to slot-line transition problem, reporting bandwidths from an octave up to one 
decade in the 1-10 GHz range [91]-[92]. Microstrip to slotline transition is a structure that 
uses a microstrip line on one side of a planar dielectric substrate and a slotline in the ground 
in order to pass the signals between two sides.  
 
In order to design microstrip to slotline transition with minimum power loss, the microstrip 
line and slotline should be orthogonal to each other with proper terminations at each ends. In 
case of microstrip line, the termination has to represent a short circuit, while for the slotline it 
has to be an open circuit at the two transmission lines junction. In practice, the two types of 
terminations can be accomplished by virtual open and virtual short circuits (open or short-
circuited stubs). Different shapes can be used to realize stubs such as circular, radial, or in the 
form of rectangular/uniform line or multi-arm lines.  
 
Fig 3.6 Microstrip to slotline transition with circular stub [91] 
In order to obtain wideband performance in designing microwave devices, a microstrip to 
slotline transition can be considered where a quarter wavelength microstrip line is terminated 
in a circular stub (Fig 3.6). Similarly, the slotline is terminated with circular stub and 
extended about one quarter of a wavelength beyond the microstrip line. The use of a quarter-
wave length microstrip stub leads to a virtual short-circuit at the junction. In turn, a quarter-
wave length slot stub makes a virtual open-circuit at the junction. The operating frequency 
band can be controlled through the choice of slot and microstrip stub radii. By using larger 
radii of circular stubs the operational frequency band is shifted downwards. The characteristic 
impedances for microstrip and slotline are assumed 50 ohm. Following the approach of 
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Schuppert [90], the normalized impedance factor for the slot and microstrip line can be 
introduce using the expression 
𝑣 =  
𝑍𝑠𝑠
50Ω
                 (3.34) 
𝑤 =
50Ω
𝑍𝑚𝑠
                   (3.35) 
where Zss and Zms are the characteristic impedances of slotline and microstrip line. 
 
This interconnect technique is attractive because it does not use any wires to couple the signal 
between the two microstrip lines. Therefore it is easy to manufacture. Its importance is that it 
is capable to achieve a low insertion loss coupling over an ultra-wide frequency band (UWB). 
Therefore, it can be of significance to developing compact UWB microwave multilayer or 
single layer microwave devices. 
 
3.4.4 Design consideration of broadside coupled microstrip/slot transition 
 
Besides providing an ultra-wideband coupling of a microwave signal between two microstrip 
lines located on opposite sides of a double-layer dielectric with a common ground plane, the 
microstrip-slot transition can also be used to design wideband in and out-of-phase power 
dividers. The resulting devices differ from commonly known uniplanar power dividers such 
as a lossless microstrip T-junction or Wilkinson divider [29]. This is because their two 
microstrip output ports appear on two sides of the common ground. The motivation for 
designing these dividers is that they can be integrated with other single layer or multilayer 
structures. Several such power dividers have been reported in the literature with single layer 
as well as multilayer technology.  
 
In case of multilayer structure [68], the divider has one of the output port at the top layer 
similar to the input port, while the other output port is located at the bottom layer. The narrow 
slot is located at the common middle ground layer which acts as a guide to couple a signal 
from the input port to the two out ports. On the other hand, all the three ports of the single 
layer structure [100] are located at the top layer and the slot is located at the ground plane.  
 
The distance of d between centre of the input port and centre of the microstrip output line  is 
chosen to be a quarter wavelength at the centre design frequency as shown by 
𝑑 =  
𝑐
4𝑓𝑐√𝜀𝑟𝑒
                         (3.36) 
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where   𝜀𝑟𝑒 is the effective dielectric constant based on the following formula  
𝜀𝑟𝑒 =
𝜀𝑟+1
2
                          (3.37) 
The length of the slot l, is chosen to be the distance between the input port and the microstrip 
output ports with addition of the microstrip line width 
𝑙 = 𝑑 + 2𝑤𝑚                        (3.38) 
The slot width is chosen to make a compromise between obtaining 50Ω impedance, as 
observed from the side of microstrip line, and the manufacturing limitation.   
 
As the power is required to divide equally between the two output ports, the coupling ratio 
(C) of 3 dB between the two output ports is considered and the even and odd mode 
impedances of the coupled patches can be expressed using 
𝑍0𝑒 = 𝑍0√
1+𝐶
1−𝐶
                                 (3.39) 
 
𝑍0𝑂 = 𝑍0√
1−𝐶
1+𝐶
                                 (3.40) 
 
Where Z0  is the characteristic impedance of the microstrip ports and C is the numerical value 
of the coupling factor. 
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Chapter 4 – Planar Wideband Power Dividers Using 
Microstrip to Slotline Transition Structure 
4.1 Introduction  
Power dividers are among the most frequently used microwave passive components in power 
amplifiers, balanced mixers, frequency multipliers, and many more. Moreover, the huge 
recent demand to build microwave-based medical diagnostic systems has resulted in an 
increased need for wideband power dividers to construct the required antenna beamforming 
networks [87]. According to the phase difference between the output ports, the two-way 
power divider can be classified as in-phase or out-of-phase. An in-phase two way power 
divider is a network with one input and two outputs that are equal in amplitude and in-phase. 
The Wilkinson power divider is the conventional in-phase power divider design used in many 
applications [12]. However, the conventional design has a limited band. Recent efforts have 
shown that the Wilkinson design can be modified to achieve fractional bandwidths of 109–
140% with 13–15 dB of isolation [88], 40% with 20 dB of isolation [40, 89], or 72% with 10 
dB of isolation [93]. 
 
On the other hand, designing an out-of-phase power divider over a wide operational 
bandwidth using a modified Wilkinson structure is more challenging compared with 
designing a standard Wilkinson structure, which is inherently an in-phase device. To obtain 
the out-of-phase feature, various methods such as coupled microstrip lines [91], microstrip-
slot lines [69], double-sided parallel strip lines [94], a wideband phase inverter [5] and a 
substrate integrated waveguide have been investigated in recent years. These efforts have 
resulted in out-of-phase power dividers that can attain fractional bandwidths of 40% with 20 
dB of isolation [91], 10% with 10 dB of isolation [69], 73–100% with 15 dB of isolation [92] 
or 18–33% with 15–20 dB of return loss [95]-[96]. 
 
4.2 Designing wideband power divider on a single substrate 
This section presents a novel design of a planar in-phase power divider. The novelty of the 
proposed divider is that it employs a broadside coupled microstrip/slotline configuration with 
an improved isolation between the output ports using suitable isolation resistor. In this case, 
there is no need to apply multilayer technology to obtain wideband performance.  
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(a) 
                
 (b) 
   
(c) 
Figure 4.1 The proposed power divider. (a) Top layer, (b) bottom layer, and (c) whole 
configuration [100] 
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The proposed design is suitable for single layer integration as both the input and output ports 
are located at the same layer.  The proposed design is validated by simulations and 
measurements [100]. 
 
4.2.1 Configuration of the structure 
The configuration of the proposed single layer in-phase power divider is shown in Figure 4.1. 
The device uses a single dielectric substrate. The three ports of the divider are at the top layer 
of the substrate, while the ground plane is located at the bottom layer. This divider employs a 
tight coupling between a microstrip structure at the top layer and a slotline at the bottom 
layer.  The structure depicted in Figure 4.1 is arranged so that the signal is equally divided 
between the two output ports with a 0
○
 phase difference due to the orientation of the electric 
field lines, which are kept at the same direction for the two output ports. 
 
For the signal to be perfectly coupled from the microstrip lines at the top layer to the slotline 
at the bottom layer, two complementary structures are used to terminate the microstrip and 
slotlines at the coupling region. To that end, the microstrip lines are terminated in circular 
stubs representing virtual short circuits, whereas the slotline is terminated with circular stubs 
representing virtual open circuits. That type of termination enables transforming the 
microstrip mode to a slotline mode, and thus achieves the required tight coupling between the 
microstrip lines at the top layer and the slotline at the bottom layer. To improve the isolation 
between the output ports, a resistor R is connected between the two microstrip lines, which 
form the two output ports as shown in Figure 4.1.   
 
 
4.2.2 Design Process 
The design strategy of the utilized microstrip to slotline coupled structure is following the 
guidelines presented in [58], [68]. The length of the slot line (ls) is chosen to be around a 
quarter of the effective wavelength at the center frequency of operation (3.5 GHz). The slot 
width (ws) and microstrip lines’ width (wm) at the coupling region are chosen to give 
impedances of around 2Z○ and √2 Z○, where Z○ is the characteristics impedance of the output 
ports (50 Ω), respectively. The radii of microstrip and slot circles are chosen to be more than 
3 times the microstrip width wm. The widths of the input and output microstrip lines (w1) are 
designed to have 50 Ω characteristics impedance. Using the parametric analysis of the 
35 
 
software HFSS, the isolation resistor (R) is found to be around 2Z○ for the best isolation 
between the output ports.  
 
With the help of the optimization capability of the software Ansoft HFSSv14, parameters of 
the divider in (mm) were found to be lS = 9.7, ws = 0.5, rs = r1 = 3.0, l1 =12.4, w1 = 1.5, wm 
=0.8, l2 = 9.4, l3 =4.7, l4 = 4.5, l5 = 13.2 and R = 100 Ω. The proposed design is compact with 
total dimensions of L=30 mm and W=30 mm. The performance of the final design was 
simulated using HFSSv14, whereas the measurement was done using the vector network 
analyzer (R&S ZVA 24). SMA (sub-miniature) connectors were used to connect the 
manufactured device to the measuring tool. 
 
4.2.3 Performance of the design 
 
 
Figure 4.2 Photograph of the top layer (left) and bottom layer (right) of the developed power 
divider [100] 
 
The validity of the power divider was tested by designing and manufacturing a power divider 
operating across the band from 2.3 GHz to 4.7 GHz, which is widely used for microwave-
based head imaging aiming at brain stroke detection [1]. Photograph of the developed power 
divider is presented in Figure 4.2. Rogers RO4003 with 3.55 dielectric constant, 0.8 mm 
thickness and 0.0027 loss tangent was used as a substrate for the development of the power 
divider.  
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Figure 4.3 illustrates the performance of the developed device using simulated and measured 
results, which are in good agreement. It is found that the input power is equally divided 
between the output ports, i.e. S21=S31=-3 dB due to symmetry, and thus only S21 is depicted in 
Figure 4.3, with an additional insertion loss of less than 0.5 dB across the band 2.3-4.7 GHz. 
The return loss at the input port is more than 10 dB, whereas the isolation between the two 
output ports is more than 13 dB across that band. The return loss at the output ports of the 
device (S22=S33 due to symmetry) is more than 10 dB and the isolation between those ports is 
more than 10 dB across the whole band of investigation, i.e. 2-5 GHz, as depicted in Figure 3. 
 
The phase performance of the developed device was also measured. It was found that the two 
output signals are in phase with less than 2° phase difference in the band from 2 GHz to 5 
GHz as depicted in Figure 4.3. This slight phase imbalance comes from the small 
transmission line length asymmetries between the two output ports. 
 
Figure 4.3 Performance of the power divider [100] 
4.2.4 Conclusion 
A compact single layer in-phase power divider has been presented. The proposed divider 
adopts broadside coupling via microstrip/slot configuration. The simulated and measured 
results of the developed device show equal in-phase power division with less than 2
○
 of phase 
imbalance, 0.5 dB of additional insertion loss, more than 10 dB of return loss and more than 
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13 dB of isolation over the band 2.3-4.7 GHz, which is the band suitable for microwave-
based head imaging for stroke detection. 
 
 
4.3 Extremely wideband in-phase power divider using modified 
Wilkinson design 
This section presents an extremely wideband in-phase power divider using modified 
Wilkinson design. Instead of using T-junction at the input port of the traditional design, the 
proposed divider uses broadside coupled microstrip to slotline configuration. Moreover, the 
impedance matching of the output ports is significantly improved across several octaves 
bandwidth using three binomial sections, whereas the isolation between those ports is 
enhanced across that band using three isolation resistors. The proposed design is validated by 
simulations and measurements [101]. 
 
4.3.1 Power Divider Configuration 
The configuration of the proposed single layer in-phase power divider is shown in Fig. 4.4. 
The proposed design is a modification of the Wilkinson power divider. Instead of the direct 
connection of the input port to the two output ports using T-junction, microstrip-to-slotline 
transitions are used to broaden the bandwidth. To that end, the device employs a tight 
broadside coupling between a microstrip structure at the top layer and a slotline at the bottom 
layer. The slot is in the shape of a narrow rectangle ending with two circles in the ground 
plane. This slot is responsible for guiding the wave from the input port to the two output ports 
[95]. The structure depicted in Fig. 4.4 is arranged so that the signal is equally divided 
between the two output ports with a 0
○
 phase difference due to the orientation of the electric 
field lines, which are kept at the same direction for the two output ports. The three ports of 
the divider are at the top layer of the substrate, while the ground plane is located at the 
bottom layer. 
 
38 
 
 
Figure 4.4 Configuration of the proposed power divider [101] 
 
The design of the series type T-junction formed by the slotline and two microstrip lines 
follows the guidelines presented in [58, 68]. For the signal to be perfectly coupled from the 
microstrip lines at the top layer to the slotline at the bottom layer, two complementary 
structures are used to terminate the microstrip and slotlines at the coupling region. To that 
end, the microstrip lines are terminated in circular stubs representing virtual short circuits, 
whereas the slotline is terminated with circular stubs representing virtual open circuits. That 
type of termination enables transforming the microstrip mode to a slotline mode, and thus 
achieves the required tight coupling between the microstrip lines at the top layer and the 
slotline at the bottom layer.  
 
4.3.2 Design Strategy 
4.3.2.1 Design Process 
This section describes the design strategy of the proposed structure. The commercial 
electromagnetic solver ANSOFT HFSS, which uses a finite element based method, is used 
for the simulation purpose.In this case, the length of the slot line (ls) is chosen to be around a 
quarter of the effective wavelength at the center frequency of operation (4 GHz for the 
targeted band 1-7 GHz). A characteristic impedance of Z○=50 Ω is chosen when selecting the 
widths of the input and output microstrip lines (Wm). The width of the slot used in the 
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microstrip-to-slotline transitions should not be too narrow to avoid problems with the 
manufacturing errors. As a result, a slot with acceptable width and suitable impedance 
transformation ratio is used. In the present design, the slot width (Ws) at the coupling region 
is chosen to give impedances of around √2𝑍° to enable achieving the required matching at the 
coupling region. The design parameters of the proposed structure is given in Table 3-I 
Table 4-I Values of design parameters (dimensions in mm) 
 
 
 
 
 
 
 
 
 
 
4.3.2.2 Equivalent Circuit  
The coupling of a single-section coupled line transformer is limited in bandwidth due to the 
λ/4 length requirement. As in the case of matching transformers, bandwidth can be increased 
by using multiple sections, so second and third binomial transformers are arranged close 
together to form a multi-section power divider which can be analysed by even-odd mode 
analysis and can provide wideband performance.  
 
To achieve the required matching at the two output ports across an extremely wide frequency 
band, this proposed design utilizes a multi-section binomial transformer to connect the used 
pair of slotline to microstrip transitions to the output ports. In this case, three binomial 
sections with impedances (Z1, Z2 and Z3 as shown in Fig. 4.5) are used. To find the required 
values of those impedances, the following approach is adopted. Since the device is designed 
to operate as an in-phase power divider, its normal mode of operation is the even-mode.  
 
The equivalent circuit of the proposed structure is shown in Fig. 4.5. In this circuit, it is 
assumed that the utilized microstrip/slotline transitions are designed to given an impedance 
transformation ratio of 1.  The equivalent even-mode circuit of the device is depicted in Fig. 
Design 
Name Value Name Value 
W 40 R3 300Ω 
L 55 L1 13 
Wm 0.91 𝐿3 = L2 10 
rm 4.0 W1 0.28 
rs = r1 = r2 5.0 W2 0.49 
𝑅1 
Ws 
Ws 
100 Ω W3 0.79 
𝑅2 200Ω   
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4.5 b. For a three section matching transformer, the required reflection coefficient can be 
obtained by [29], 
   
  (4.1) 
 
 
 
 
 
 
 
(a) 
 
(b) 
 
                      (c) 
Figure 4.5 (a) The equivalent circuit of the proposed device, (b) the even-mode circuit, and 
(c) the odd-mode circuit. 
 
where l =length of each section, which is taken here as quarter of a wavelength at the center 
frequency thus, 𝛽𝑙 =  
𝜋
2 
, n=0, 1, 2…etc, and N= total number of multi-sections of 
transformer, A is a constant , and binomial coefficient is 
                                             (4.2) 
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Considering three sections of matching network, the necessary binomial coefficients become, 
 
                     (4.3) 
              (4.4) 
 
             (4.5) 
Therefore, the required characteristic impedance, Zn of the multi sections, starting with n=0 is 
determined by the following relation [24], 
ln
𝑍𝑛+1
𝑍𝑛
= 2−𝑁 𝐶0
3  
𝑍𝐿
𝑍0
           (4.6)  
Using the above equation for n=0, 1 and 2, the characteristic impedances of each of the three 
sections are found to be Z1 = 91.7Ω, Z2 = 70.7Ω, Z3= 54.5Ω. 
   
To improve the isolation between the output ports, three resistors are connected between the 
utilized binomial matching sections as shown in Fig. 4.4. In the even-mode circuit, those 
resistors have no effect on the performance as one of their ends appears floating at that mode. 
Thus, to find the values of those resistors, the odd-mode circuit depicted in Fig. 3.5 c is 
utilized. From that circuit, it is possible to show that the perfect matching can be achieved 
when R1=2Z○, R2=4Z○ and R3=6Z○. The dimensions of the divider are then found using the 
simulator HFSS as given in Table 4-I.  
 
4.3.3 Performance of the power divider 
The proposed power divider is designed to operate for equal power division across the band 
1.2 -7 GHz. The substrate Rogers RO4003 with 3.38 dielectric constant, 0.406 mm thickness 
and 0.0027 loss tangent is selected for the design and fabrication of the power divider.  
 
A photograph of the fabricated power divider is shown in Fig. 4.6. The vector network 
analyzer (R&S ZVA 24) is used for its test and measurement. SMA (sub-miniature) 
connectors are used to connect the manufactured device to the measuring tool.  
 
Figure 4.7 illustrates the performance of the developed device using simulated and measured 
results. The simulated and measured return losses of the designed power divider are more 
than 10 dB in the frequency interval 1.2-7 GHz as depicted in Fig. 4.7. The power is equally 
divided between the two output ports with less than 0.2 dB amplitude imbalances between 
1
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them and less than 0.5 dB insertion loss compared with the 3 dB ideal expected outputs. The 
isolation between the two output ports is more than 15 dB across the band 1.2-7 GHz.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 Photograph of the top (left) and bottom layer (right) of the developed power 
divider. 
 
The phase performance of the developed device is also tested. It is found that the two output 
signals are in phase with less than 2° phase difference in the band from 1.2 GHz to 7 GHz as 
shown in Fig. 4.7. This slight phase imbalance comes from the small transmission line length 
asymmetries between the two output ports. The slight discrepancies between the simulation 
and measured results are due to the use of the coaxial ports in the experiments, tolerances of 
resistors and imperfect fabrication processes. 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Performance of the power divider [101] 
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4.3.4 Comparison  
The dimensions and performance of the power divider are compared with some recent 
compact in-phase power dividers in the literature as shown in Table 4-II. The structures in 
[57] were developed using multi-layer technology with ports located at different layers, 
whereas the design presented in this work is a microstrip-compatible single-layer design with 
all of its ports at the same layer. The three ports of the device proposed in [57] are distributed 
among different layers. The input port is located at the mid layer of the structure, whereas the 
output ports are at the top and bottom layers. Moreover, the ground plane is at the second and 
fourth layers of the structure. As a result, the proposed divider is only compatible with the 
multilayer technology, not in single layer applications. The overall frequency band coverage 
of [58] is limited to C-band applications, whereas the overall frequency of operation is 
extremely wideband in the proposed design.  
 
In [58], the single layer power divider can achieve 69% of fractional bandwidth, whereas the 
proposed design of this paper could achieve 141% of fractional bandwidth. The power 
divider reported in [57] can achieve wideband performance from 1-6 GHz with 1 dB insertion 
loss and 13 dB isolation by using six-sections of microstrip coupled lines. In [59], the output 
ports are extended using a coupled line section, which can provide suitable frequency 
response from 0.5 to 2.5 GHz with 12 dB isolation. The presented design could achieve 1.2 - 
7 GHz band with less than 0.5 dB insertion loss and more than 15 dB isolation with the help 
of only three binomial sections of microstrip lines and pair of microstrip-to-slotline 
transitions. 
 
Table 4-II Comparison between the proposed and reported power dividers 
Ref. 
Insertion 
loss 
(dB) 
Return loss 
(dB) 
Isolation 
(dB) 
FBW 
(%) 
[95] 0.2 10 10 110 
[57] 0.2 10 9 67 
[58] 0.5 10 13 69 
[59] 0.5 10 12 133 
This 
Work 
0.5 10 15 141 
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4.4 Three-octave band in-phase power divider using loosely coupled 
microstrip lines and microstrip to slotline transitions  
This section reports the planar microwave in-phase power divider operating over three octave 
frequency band. The proposed device is composed of two main parts. The first one is a pair 
of microstrip–slotline–microstrip transitions introduced to match the impedances at the input 
port. The second one is a pair of loosely coupled microstrip lines with two isolation resistors 
to provide improved isolation performance at the output ports over a wide range of frequency 
band. The proposed device is fabricated and its performance is verified [102]. 
 
4.4.1 Configuration of the proposed structure 
Fig. 4.8 illustrates the whole layout of the proposed power divider. It consists of a single 
dielectric substrate supported by a common ground plane. For achieving the required 
bandwidth, microstrip– slotline–microstrip transitions are used instead of the conventional T-
junction of the Wilkinson design at the input port. Furthermore, these transitions are 
connected to the output ports of the device through a pair of loosely coupled microstrip lines 
to improve matching. Two isolation resistors are also connected between the loosely coupled 
lines for the enhancement of the isolation between the output ports.  
 
The microstrip–slotline–microstrip transitions include microstrip lines (width of W1 and 
length of L1) terminated with capacitive circular stubs with radii rm as short circuits. On the 
other hand, the slotline at the ground is terminated with inductive slots, which are circular in 
shape with radii rs as open circuits. As a result, signals are properly coupled from the top to 
the bottom layer through the microstrip–slotline–microstrip transition.  
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Fig 4.8 Configuration of the power divider [102] 
The design of the transitions follows the procedure explained in [58]. The slot length at the 
ground Ls is around λg/3 considering the centre frequency (4. 5 GHz) for the whole band 1–8 
GHz. To achieve a high return loss at the microstrip ports, the width of the slot (WS) is 
selected to be 2Zo, where Zo (50 Ω) is the characteristic impedance of all the ports of the 
power divider.  
 
4.4.2 Equivalent Circuit 
A single section of loosely coupled microstrip lines, which have even and odd impedances of 
Z2e and Z2o and electrical length of θ2, are connected to the output terminals of the transition. 
These terminals, which have an impedance of Z1 and electrical length of θ1, are connected to 
the output port of the whole device. Moreover, two isolation resistors are connected between 
the loosely coupled lines for an enhanced isolation between the output ports. The value of 
resistors have been defined following the design equations of Wilkinson power divider which 
is 2Z○ (Z○=50Ω) between two output ports, which matches the output ports by isolating 
them. Moreover, the quarter wavelength transmission line section of Wilkinson design 
technique makes the structure narrow band, so to increase the bandwidth; θ1 is chosen to be 
λ/3 by optimizing the structure. The equivalent circuit of the proposed device is depicted in 
Fig. 4.9 a. To calculate the required geometric parameters of the used elements, the even-
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mode and odd-mode circuits, after neglecting the low parasitic elements of the utilized 
transitions as shown in Figs. 4.9 b and c, are analyzed. 
 
a 
 
b 
 
c 
Fig. 4.9 (a) The equivalent circuit of the proposed device, (b) the even-mode circuit and (c) 
the odd-mode circuit 
 
Based on the even-odd mode analyses of the circuits depicted in Fig. 4.9 b and c, the values 
of the initial dimensions calculated for the geometric parameters at the guided wavelength 
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(λg) of the centre frequency (4.5 GHz) are: Z1=Z○ √2=70Ω , Z2e=60Ω , Z2o=55Ω , θ1=λg/3 , 
θ2=λg/4 , R1=R2=2Z○=100Ω. 
The divider is simulated and optimized using the high frequency structure simulator (HFSS). 
The optimized dimensions of the power divider are listed in Table 4-III. 
Table 4-III Values in (mm) of geometric parameters of the power divider 
 
Dimensional 
Parameter 
Value 
Dimensional 
Parameter 
Value 
W 40 s 1 
L 40 L1 15.5 
Wm 0.913 L2 10 
Ws 0.29 W1 0.5 
Ls 12.7 W2 0.7 
R1=R2 100Ω rs=rm 4 
 
4.4.3 Results 
The power divider has been fabricated for verification using Rogers RO4003C with dielectric 
constant of 3.38, thickness of 0.406 mm and loss tangent of 0.0027 as the substrate which is 
shown in Fig.4.10 Using microstrip design equation of [107], impedances of various parts of 
the design are calculated to get their initial dimensions. The developed device is shown in 
Fig. 3.10 The simulated and measured scattering parameters of the device are shown in Fig. 
4.11 
 
 
Fig. 4.10 Top and bottom view of the fabricated in-phase power divider [102] 
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The measured isolation between the output ports of the designed power divider is greater than 
15 dB across the whole investigated band from 1-8 GHz, which is equivalent to 155% 
fractional bandwidth. There is equal power division between the output ports with less than 
0.2 dB amplitude imbalances and the measured transmission values are more than 3.4 dB 
across the same band. The input port’s return loss is greater than 10 dB over the whole 
frequency band. It is also found from Fig. 4 that the two output ports’ return losses are greater 
than 10 dB from 1.4-8 GHz knowing that the simulated return losses at those ports are greater 
than 10 dB over the whole band (1-8 GHz). The slight deterioration in the measured return 
losses of the output ports is thought to be caused by the manufacturing process, such as 
milling machine errors, soldering the isolation resistors and test connectors. The phase 
imbalance between the two outputs ports of the design is less than ±2
○
, which implies that the 
two output signals are in phase. 
 
Fig. 4.11 Performance of the power divider [102] 
 
4.4.4 Comparison 
In comparison with the recent wideband in-phase power dividers developed by the authors, 
the proposed device with a total dimension of 40 mm × 40 mm has a smaller size than [96] by 
37% and [98] by 75% using the same substrate. Moreover, it covers a wider fractional 
bandwidth (155%) than the bandwidths realized in [96] (140%) and [98] (109%) using 15 dB 
of isolation between the output ports as the reference. 
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4.5 Modified Wilkinson power divider using coupled microstrip lines 
and shunt open-ended stubs 
This section reports the design of a modified Wilkinson power divider for wideband 
applications is presented. The proposed divider uses broadside coupled microstrip to slotline 
configuration to extend the impedance matching bandwidth at the input port. Moreover, a 
coupled structure with two isolation resistors and two open-ended stubs is used to enhance 
isolation and matching of the output ports across a wide band. The proposed device is 
fabricated and its performance is verified. 
4.5.1 Configuration of the power divider  
The configuration of the proposed single layer in-phase power divider is illustrated in 
Fig.4.12. The device uses a single dielectric substrate supported by a common ground plane. 
The three ports of the divider are at the top layer of the substrate, while the ground plane is 
located at the bottom layer. Instead of using a T-junction to connect the input port to the two 
output ports as in the conventional design, broadband microstrip-slotline-microstrip 
transitions are used. To improve the impedance matching and isolation of the output ports, 
they are connected to the output of those transitions via a pair of coupled lines and open-
ended stubs. Moreover, two isolation resistors are connected between the coupled lines.    
 
Fig. 4.12 Configuration of the proposed power divider [103] 
The transitions at the input port employ a tight coupling between a microstrip structure at the 
top layer and a slotline at the bottom layer.  The slot, which has a width Ws is responsible for 
guiding the wave from the input port to the two transitions’ output ports, which have a width 
of W1 and length of L1. The power at the two output ports of the transitions are equal in 
magnitude and in-phase with each other due to the orientation of the electric field lines, 
which are kept at the same direction for those two transitions’ ports. The dimensions of the 
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divider are found using the full-wave electromagnetic simulator HFSS as given in Table 4-
IV. 
Table 4-IV   Values of design parameters (dimensions in mm) 
 
Design 
Parameter 
Value 
Design 
Parameter 
Value 
W 40 s 0.2 
L 70 L1 27 
Wm 1.1 L2 46 
Ws 0.2 W1 1 
Ls 20.3 W2 2 
Lstub 7.5 rs =rm 5 
Wstub 0.5   
  
4.5.2 Bandwidth Enhancement 
In order to enhance the bandwidth, the signal needs to be perfectly coupled from the 
microstrip lines at the top layer to the slotline at the bottom layer as seen in Fig.4.12. As a 
result, the chosen transition includes two complementary structures; the microstrip lines are 
terminated with capacitive circular stubs with radii rm representing virtual short circuits, 
whereas the slotline is terminated with inductive circular slots with radii rs representing 
virtual open circuits. Therefore, the required tight coupling between the microstrip lines at the 
top layer and the slotline at the bottom layer is achieved. The length of the slot line at the 
ground plane (Ls) is chosen to be around a quarter of the effective wavelength at the centre 
frequency of operation (2 GHz for the targeted band 1-3 GHz). To achieve a high return loss 
at the microstrip ports, a slot with acceptable width and suitable impedance transformation 
ratio is used. In the present design, the slot width (Ws) at the microstrip-slotline coupled 
region is chosen to give impedance of 2Z○ (100Ω), where Z○(=50 Ω) is the characteristic 
impedance of the three ports of the power divider.  
 
4.5.3 Equivalent Circuit 
To achieve the required matching at the two output ports across wide frequency band, two 
sections of coupled microstrip lines, which have an even- and odd-impedance of Z2e and Z2o 
and electrical length of θ2, are used to connect the output ports of the slotline-to-microstrip 
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transitions that have an impedance of Z1 and electrical length of θ1 to the output ports of the 
whole device. Moreover, two isolation resistors (R1 and R2) are connected between the 
coupled lines of those two sections for an enhanced isolation between the output ports. 
Furthermore, to reduce the insertion loss at the targeted band, two open-ended stubs, which 
have an impedance of Zstub and electrical length of θstub, are connected in parallel with the 
output ports at an electrical distance of θstub from the coupled lines [102]. The equivalent 
circuit of the whole structure is depicted in Fig. 4.13 a. To calculate the required design 
parameters of the used elements, the even- and odd-mode analysis is utilized. To that end, the 
equivalent circuits at those two modes are shown in Fig. 3.13 b and c.  
 
a 
 
     b 
 
c 
Fig. 4.13 (a) The equivalent circuit of the proposed device, (b) the even-mode circuit, and (c) 
the odd-mode circuit [103] 
Based on the even-odd mode analysis, it is possible to conclude that the design parameters 
should have the following values calculated at the wavelength (λ) of the centre frequency (2 
GHz): Z1=Z○, Zstub=√2Z○, Z2e= 40Ω, Z2o=30Ω, θ1= θ2=λ/4, θ3= θstub= λ/10, R1=Z○, and R2 = 
2Z○. It is to be noted that the mode impedances of the coupled structure give an equivalent 
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coupled line impedance (Z2=√Z2𝑒Z2𝑜) of  Z○/√2 as needed for matching in the proposed 
structure. 
4.5.4 Results and Discussion 
 
 
 
 
 
 
 
 
Fig. 4.14 Top and bottom view of the fabricated in-phase power divider [103] 
The proposed power divider is designed to operate for equal power division across the band 
1-3 GHz. The substrate Rogers RO4003C with 3.38 dielectric constant, 0.508 mm thickness 
and 0.0027 loss tangent is selected for the design and fabrication of the power divider. Since 
the device is designed to have characteristic impedances (Z○) of 50Ω, the isolations resistors 
for this divider based on the previous analysis are:  R1=50Ω, and R2=100Ω. The calculated 
impedances of the different parts of the design are used to find their initial dimensions using 
microstrip design equations [107]. 
The developed device using the dimensions as mentioned in Table 1 is shown in Fig. 4.14 It 
is to be noted from this figure that two resisters of 100Ω are connected in parallel to represent 
R1(=50Ω). 
The simulated and measured performances of the device are shown in Fig. 4.15. The return 
losses of the designed power divider are more than 10 dB across the frequency interval from 
1 GHz to more than 3 GHz, which is equivalent to more than 100% fractional bandwidth. The 
power is equally divided between the output ports with less than 0.2 dB amplitude 
imbalances between them and less than 0.5 dB insertion loss compared with the 3 dB ideal 
expected outputs. The isolation between the two output ports is more than 16 dB across the 
band 1-3 GHz.  
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Fig. 4.15 Performance of the power divider [103] 
 
The phase performance of the developed device is also tested. It is found that the two output 
signals are in phase with less than 2° phase difference in the band from 1 GHz to 3 GHz as 
shown in Fig. 4.15 This slight phase imbalance comes from the small transmission line length 
asymmetries between the two output ports. The slight discrepancies between the simulation 
and measured results are due to the use of the coaxial ports in the experiments, tolerances of 
resistors and imperfect fabrication processes. 
4.5.5 Conclusion 
A compact single layer in-phase power divider has been explained. The proposed divider is a 
modification of the Wilkinson design by replacing the input T-junction by microstrip to 
slotline transitions and adding a pair of coupled lines and open-ended stubs at the output 
ports. The measured results indicate more than 100% fractional bandwidth based on 16 dB of 
isolation and 10 dB of return loss as the reference with less than 2̊ phase imbalance and 0.5 
dB additional insertion loss over the band 1-3 GHz. 
 
4.6 Wideband out-of-phase power divider using microstrip to slotline 
transitions, coupled lines, and shunt open-ended stubs 
 
This section presents the design of a planar out-of-phase power divider with broadband 
behaviour. The proposed device uses broadside coupled microstrip-slotline-microstrip 
transitions at the input port and coupled microstrip lines with shunt open-ended stubs at the 
output ports to extend the impedance matching bandwidth at three ports of the device. 
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Moreover, a dumbbell-shaped slot is located underneath the coupled lines and shunted with a 
proper chip resistor to improve the isolation between the output ports. 
 
4.6.1 Power divider design  
The dimensional layout of the proposed single layer out-of-phase power divider is shown in 
Fig. 4.16. The three ports of the divider with characteristic impedances Z○ of 50 Ω are at the 
top layer of the utilized dielectric substrate, which carries the ground plane at the bottom 
layer. The input port of the device is connected to a microstrip-slotline-microstrip transition, 
which is designed to facilitate a tight coupling between the microstrip input port at the top 
layer and a slotline at the bottom layer. The slotline, which is in the shape of a narrow 
rectangle of width Ws1 and length Ls1 ending with two circles in the ground plane, is used to 
guide the wave from the input port to the two microstrip terminals, which represent the output 
of the transition. For the signal to be perfectly coupled from the microstrip lines at the top 
layer to the slotline at the bottom layer, the chosen transition includes two complementary 
structures that are used to terminate the microstrip and slotlines at the coupling region as seen 
in Fig. 4.16. To that end, the microstrip input port is terminated with a capacitive circular stub 
with radius rm representing a virtual short circuit, whereas the slotline is terminated with 
inductive circular stubs with radii rs representing virtual open circuits. 
 
For a perfect matching across a wide band, the two output terminals of the transition with 
width Wm1 (for an impedance of Zm1) and length of Lm1 (for an electrical length of θm1) are 
connected to the output ports of the whole structure via a pair of microstrip coupled lines, 
which have a width of W1 and length of L1 for even and odd-impedances of Z1e and Z1o and 
electrical length of θ1. To further improve the output matching, two open-ended stubs (Wstub 
× Lstub) are connected in parallel with the output ports.  
 
Since the device is designed to operate as an out-of-phase power divider, its normal operation 
mode is the odd-mode. Thus, to improve the isolation between the two output ports, a proper 
structure for the connection of the isolation resistor (R) that should be effective at the 
abnormal mode of operation, i.e. the even-mode in this case, is needed. It is to be noted that 
the direct connection of such a resistor between the two microstrip output ports, i.e. similar to 
what is done in in-phase power dividers such as the Wilkinson divider, does not provide any 
effect as one of its terminals will be floating at the even-mode. To that end, a short slotline 
that ends with two rectangular slots of width WS2 and length LS2 (electrical length of θs2) is 
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created underneath the two coupled microstrip lines that are connected to the output ports. 
With this arrangement, any reflected signals coupled from the two output ports inside that 
slot will be in-phase and thus the resistor is highly effective in absorbing any reflected signals 
from those two ports and thus an improved isolation can be achieved.   
 
Figure 4.16 Configuration of the proposed power divider [104] 
 
The initial values of the design parameters of the proposed device are found using the 
following procedure. The dimensions of the microstrip-slotline-microstrip transition follow 
some of the general guidelines presented in [16]. The length of the slotline at the ground 
plane (Ls1) is chosen to be around λ/10 of the effective wavelength at the centre frequency of 
operation (2 GHz for the targeted band 1-3 GHz), the slot width (Ws1) at the microstrip-
slotline coupled region is chosen to give an impedance of 2Z○(=100Ω), whereas radii of the 
slot and microstrip patches, i.e. rm and rs, are selected to be less than quarter wavelength at 
the highest frequency of operation. To remaining design parameters of the device are 
estimated using the even and odd-mode analysis of the structure. Based on that analysis, it is 
possible to conclude that the design parameters should have the following values calculated 
at the wavelength (λ) of the centre frequency (2 GHz): Zm1=Z○/2, Zstub=2Z○, Z1o= Z○/√2, 
Z1e=√2Z○, θm1=θs2=λ/4, θ1=λ/2, θstub= λ/15, R=2Z○. It is to be noted that the mode 
impedances of the coupled structure give an equivalent coupled line impedance 
(Z1=√Z1𝑒Z1𝑜) of  Z○ (=50 Ω) as needed for matching the output ports of the proposed 
structure. 
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The final dimensions are optimized using the full-wave electromagnetic simulator HFSS. The 
geometrical dimensions of the optimum design of the divider are given in Table 4-V. 
 
Table 4-V   Values of design parameters (dimensions in mm) 
 
 
 
 
 
 
 
 
 
 
4.6.2 Results and Discussion 
The validity of the power divider was tested by designing and manufacturing a power divider 
operating across the band from 1 GHz to 3 GHz. The substrate Rogers RO4003 with 3.38 
dielectric constant, 0.406 mm thickness and 0.0027 loss tangent is selected for the design and 
fabrication of the power divider. A photograph of the fabricated power divider is shown in 
Fig. 4.17. The vector network analyzer (R&S ZVA 24) was used for its test and 
measurement. SMA (sub-miniature) connectors were used to connect the manufactured 
device to the measuring tool.   
 
 
Figure 4.17 Photograph of the top layer (left) and bottom layer (right) of the developed power 
divider [104] 
Design 
Parameter 
Value Design 
Parameter 
Value 
W 30 Ws1 0.2 
L 60 L1 28 
Wm 0.9 W1 1.2 
rm 5.0 Ws2 11.4 
rs 4.0 Ls2 17.8 
Lm1 16.5 Wstub 0.15 
Wm1 2.5 Lstub 4.7 
s 0.2 Ls1 9 
57 
 
 
 
Figure 4.18 Performance of the power divider [104] 
Figure 4.18 illustrates the performance of the developed device using simulated and 
measured results. It is found that the input power is equally divided between the output ports, 
i.e. S21 =S31 = -3 dB due to symmetry and thus only S21 is depicted in Fig. 3, with an 
additional insertion loss of less than 0.5 dB across the band 1-3.5 GHz. The isolation between 
the two output ports is more than 15 dB across the band 1.1-3.3 GHz. The return loss at the 
input port is more than 10 dB across the band 1.2-3.25 GHz, whereas the return losses at the 
output ports of the device (S22 = S33 due to symmetry) is more than 10 dB across the whole 
band of investigation, i.e. 1-3.5 GHz, as depicted in Fig. 4.18. 
 
The phase performance of the developed device is also tested. It is found that the two output 
signals are out of phase (180
○
) with less than 1° phase imbalance in the band from 1 GHz to 
3.5 GHz as shown in Fig. 4.18 This slight phase imbalance comes from the small 
transmission line length asymmetries between the two output ports.  
 
The presented simulated and measured results of the device are in a general reasonable 
agreement. The discrepancies between them, especially in the results for the output ports’ 
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return losses, are due to the use of the coaxial ports in the experiments, tolerance of resistor 
value and imperfect fabrication process. 
 
4.7 Wideband out-of-phase power divider using tightly coupled lines and 
microstrip to slotline transitions 
This section presents a broadband out-of-phase power divider in a compact structure 
employing a microstrip technology. The proposed power divider consists of a T-junction of 
microstrip to slotline transition at the input ports along with a pair of tightly coupled 
microstrip lines at the two output ports. The main features of the proposed device are the 
employment of a dumbbell-shaped slot terminated with a chip resistor under the tightly 
coupled lines to improve the isolation between the output ports and shunt open-ended stubs at 
the output ports to improve their impedance matching.  The proposed structure is validated by 
experiments. 
 
4.7.1 Proposed Design 
The whole layout of the proposed compact out of phase power divider is illustrated in Fig 
4.19. It consists of a single dielectric substrate supported by a common ground. Broadband 
mictosrip to slotline transitions facilitate a tight coupling from the top to bottom layer. For the 
enhancement of impedance matching and isolation, the transitions are connected to the output 
ports via a pair of tightly coupled lines and open-ended stubs. Moreover, a dumbbell shaped 
slot terminated by an isolation resistor is located under the coupled lines for enhanced 
isolation.  
 
(a)                                               (b) 
Fig. 4.19 Configuration of the proposed power divider (a) top layer, and (b) bottom layer 
[105] 
 
The microstrip to slotline transitions include microstrip lines terminated with capacitive 
circular stubs with radii rm as virtual short circuits. On the other hand, the slotline at the 
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ground is terminated with inductive slots, which are circular in shape with radii rs as virtual 
open circuits. As a result, signals are properly coupled from the top to the bottom layer 
through the transition. Moreover, there is a narrow rectangular slot with Ws1 as width and Ls1 
as length at the ground for proper coupling of the signal. The design of the transitions follows 
the design methods of [99]. The length and width of two output terminals of the transitions 
are Lm1 (which defines 𝜃𝑚1 as the electrical length) and Wm1 (which defines Zm1 as the 
impedance). These terminals are connected afterwards to a pair of tightly coupled lines with 
W1 as width and L1 as length to have Z1e and Z1o as the even- and odd-mode impedances and 
electrical length of 𝜃1. Moreover, two open ended stubs are connected in parallel with the 
output ports to improve the output matching [105]. 
 
The normal operation of the proposed out of phase device is the odd-mode. Therefore, it is 
required to place the isolation resistor in the proper position within the design to improve 
isolation. The resistor cannot provide any improved isolation if it’s connected directly across 
the output ports in a similar way to the Wilkinson divider. To the contrary, it will cause a 
high insertion loss as it will absorb the out-of-phase signals, which are the result of the 
normal operating mode of the out-of-phase power divider. To overcome this, a narrow slot 
with Ws2 as width and Ls2 (less than quarter of the wavelength at the centre frequency) as 
length ended with two rectangular slots is placed under the tightly coupled lines at the top 
layer to couple the reflected signals from the output ports in an in-phase manner. As a result, 
the utilized structure makes a resistor at the two close terminals of the slot an effective 
absorber of those reflected signals. In the bottom layer, Ls1 is the length of the rectangular 
slotline, which is around λg/8, where λg is the effective wavelength at the centre frequency 
(2.5 GHz). Furthermore, Ws1 is considered to be the width of the slotline at the coupled 
region which is 2Z○, where Z○ is the characteristic impedance of the input and output ports 
and is considered to be here 50 Ω. The radii of the circular patches; i.e. rm (microstrip patch) 
and rs (slot patch) is less than a quarter of the wavelength at the highest frequency of 
operation. 
 
4.7.2 Equivalent Circuit 
To find the initial values of the design parameters, the even-odd mode analysis is used. To 
that end, the equivalent circuit of the proposed structure is shown in Fig. 4.20. In this circuit, 
the performance of the microstrip/slotline transition is assumed ideal and thus represented by 
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an ideal 1:1 transformer with centre tapped secondary coil. Moreover, the input port 
impedance (Z○) is distributed into two serially connected parts at both sides of the 
transformer (transition) to make the circuit fully symmetrical and thus can be analysed using 
the even-odd mode theory. The equivalent even-odd mode circuits of the device are depicted 
in Fig. 4.20 (b, c). 
 
a 
 
b 
 
c 
Fig. 4.20 (a) The Equivalent Circuit of the proposed power divider, (b) the even-mode circuit, 
and (c) the odd-mode circuit [105] 
 
In those circuits, it is clear that the isolation resistor R is effective only in the even-mode. 
Analysing the modes’ equivalent circuits gives the following initial estimation of the main 
design parameters at the guided wavelength (λg) of the centre frequency (2.5 GHz): Zm1 = 
Z○/2 , Zstub = 2Z○ , Z1o = 30 Ω , Z1e = 40 Ω , θm1= λg/4, θ1= λg/4 ,θ2 = λg/10 , θstub= λg/15 , 
R= 2Z○ =100 Ω. 
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The initial dimensions of the proposed device are found using the aforementioned initial 
values of the design parameters in the microstrip coupled lines design equations of [99]. The 
design is then optimized using the high frequency structure simulator (HFSS). The final 
dimensions of the power divider are listed in Table 4-VI. The final structure has the compact 
overall dimension of 30 mm × 60 mm. 
Table 4-VI Values in (mm) of dimensional parameters 
Dimensional 
Parameter 
Value 
Dimensional 
Parameter 
Value 
W 30 s 0.2 
L 60 L1 14.8 
Wm 0.9 W1 1.5 
Ws1 0.2 Ws2 11.4 
Ls1 8.6 Ls2 10.8 
rs 5 rm 6 
Wm1 2.5 Lm1 16.5 
Wstub 0.2 Lstub 4.9 
 
4.7.3 Results and Discussion 
The proposed power divider was fabricated (Fig. 4.21) for verification to get equal power 
division over the whole investigated band of frequency from 1-4 GHz. The substrate Rogers 
RO4003C with dielectric constant of 3.38, thickness of 0.4 mm and loss tangent of 0.0027 
was used. The simulated and measured scattering parameters along with differential phase of 
the power divider are shown in Fig. 4.22. 
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Fig. 4.21 Top and bottom view of the fabricated power divider [105] 
Both the simulated and measured return losses at the input port as well as the two output 
ports (S22=S33) are better than 10 dB over the whole designed band 1-4 GHz. The measured 
isolation between the output ports of the fabricated device is better than 15 dB across the 
same band, which is equivalent to 120% fractional bandwidth. The power is equally divided 
between the two output ports with less than 0.5 dB additional insertion loss over the whole 
band. The difference in phase between the output ports of the design is 180
○
 ±1○ over the 
band 1-4 GHz, which proves that the proposed device performs well as an out of phase power 
divider. 
 
Fig. 4.22 Performance of the power divider [105] 
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4.8 Modified Gysel Power Divider for Hyperthermia Using Microstrip to 
Slotline Transitions 
In this section, an in-phase power divider with high power handling capability is presented. 
The proposed design is a modified structure of the traditional Gysel design. The modification 
includes using microstrip to slotline transitions to connect the input port to the two output 
ports with the aim to match the ports across wide band. As with the conventional design, the 
device uses an external isolation resistor, and thus it is suitable for high power microwave 
based applications. 
 
4.8.1 Design Strategy 
Fig. 4.23 depicts layout of the proposed Gysel power divider. The structure and the three 
feeding ports are placed at the top layer of the substrate, whereas the ground is located at the 
bottom layer. Instead of conventional T-junction, microstrip to slotline transition is deployed 
at the input to obtain the required impedance matching of the proposed device. The design of 
microstrip to slotline transition follows the guidelines of [98]. In order to obtain tight coupling 
between microstrip lines at the top layer and slotline at the bottom layer, the microsrtip lines 
are terminated in circular stubs representing virtual short circuits. On the other hand, the 
slotline is terminated with circular stubs representing virtual open circuits. As represented in 
Fig. 4.23, a narrow rectangular slot of width Ws ending with two circles is placed in the 
ground plane. 
 
Fig. 4.23 The proposed power divider [106] 
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The equivalent circuit of the proposed structure is shown in Fig. 4.24. The length of the 
slotline Ls is chosen to be around half of the effective wavelength at the center frequency (2 
GHz) of operation. The width (Wm) of all the three ports is equivalent to 50Ω (equals the 
ports’ characteristic impedance Z○).  The slot width (Ws) is chosen to be √2Z○. The radii of all 
the circles are around four times the value of Wm. Two microstrip lines of width W1 (Z1) and 
length L1 (𝜃1) are properly designed and connected to two output ports. 
 
Fig. 4.24 Equivalent circuit of the proposed power divider [106] 
To achieve the required matching at all the ports, the proposed structure utilizes two 
transmission lines (𝜃2) of quarter wavelength at the center frequency of operation with 
impedance of Z2. Afterwards, a transmission line of half wave length at the center frequency 
with impedance of Z3 is connected to these two transmission lines. Moreover, to improve the 
isolation between the output ports, an external resistor of 50 Ω is connected via a transmission 
line having port impedance of Z○. The significant achievement of this design is that this 
proposed structure does not require any internal resistance needed in  other designs, such as in 
[35]-[38], to match all the ports with high isolation and thus it is suitable for high power 
microwave applications. 
 
Table 4-VII Values of geometric parameters (mm) 
Dimensional 
Parameter 
Value 
Dimensional 
Parameter 
Value 
W 40 W2 0.2 
L 50 L2 8.2 
Wm 0.6 L3 23 
W1 0.4 W3 1.3 
L1 10 Ws 0.2 
R 50 Ω Ls 25 
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According to the design guidelines, the design parameters should have the following values 
calculated at the wavelength (λ) of the center frequency (2 GHz): Z1=Z○, Z2= √2Z○, Z3= 
Z○/√2, 𝜃1 =λ/3, 𝜃2= λ/4, 𝜃3= λ/2 and R=50Ω. Table 4-VII shows the optimum dimension of 
the designed power divider. 
 
4.8.2 Results and discussion 
The device is designed in RT6010 (dielectric constant=10.2, thickness=0.635 mm) and 
optimized using HFSS. The optimum total size of the divider is 40 mm × 50 mm.  
 
Fig. 4.25 Performance of the proposed device [106] 
 
It can be easily observed from Fig. 4.25 that the return loss at the input port and the isolation 
between the output ports are more than 15 dB across the entire frequency range 1.5-2.6 GHz. 
The return loss is more than 10 dB at the two output ports with additional insertion loss of 1 
dB across the same band. However, the differential phase between the output ports is ±10
○
, 
which is relatively large and requires further reduction. 
 
4.8.3 Conclusion 
The design of an in-phase power divider with equal power division has been presented. The 
device utilizes modified Gysel structure with microstrip-slotline transitions and only one 
external isolation resistor. Thus, the proposed device is specifically suitable for high power 
microwave applications. The simulated results show more than 15 dB of isolation and input 
return loss, more than 10 dB of output return loss across 53% fractional bandwidth with less 
than ±10
○
 phase imbalance. 
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Chapter 5 – Wideband Power Dividers Using Planar 
Microstrip Structures 
 
5.1 Introduction  
Rapid advances in device technologies have enabled solutions for small size, low insertion 
loss and good isolation to modify Wilkinson power divider which has become a major focus 
of research attention. Recently extensive research has been done to design modified 
Wilkinson power divider to extend the bandwidth, such as bandpass filter, coupled line and 
substrate integrated waveguide technology [39]-[65]. These efforts result in in-phase power 
dividers that can attain fractional bandwidths of 100% with 15-20 dB of isolation and 2.4%-
4.5% with 10 dB of return loss [42]-[48], 30%-66% with 6-10 dB of isolation and 10 dB of 
return loss [56]-[58], 100% with 20 dB of isolation and 10 dB of return loss [39].  
 
On the other hand, designing an out of phase power divider over a wide operational 
bandwidth is more challenging compared to designing a standard in-phase power divider 
structure. To obtain out of phase feature, various methods, such as filtering power divider, 
double sided parallel strip lines, etc. have been investigated in recent years. These methods 
shown that out of phase power dividers can attain fractional bandwidths of 100% with 10-20 
dB of isolation and 10 dB of return loss [40]-[52]. 
 
5.2 Wideband In phase and out of phase Power Divider Using Parallel 
Coupled Microstrip Lines 
 
This section reports the design and operation of two novel power dividers operating from 1 to 
3 GHz. The proposed structure adopts power divider and two types of parallel coupled lines 
to improve the return loss and isolation at the output ports of a traditional Wilkinson power 
divider. Both the divider is formed by installing a stepped impedance T-junction of microstrip 
lines and two pairs of coupled lines either open ended or short ended along with capacitors as 
lumped elements. The unique combination of open ended and short ended parallel coupled 
lines allowed to achieve in-phase and out of phase wideband performance of the proposed 
device. The proposed design is validated by simulations and measurements. 
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5.2.1 Design strategy 
Fig. 5.1 exhibits the configuration of the proposed wideband in-phase (open ended coupled 
line) and out of phase (short ended coupled line) power divider. This proposed structure is a 
two way symmetrical power divider containing a stepped impedance T-junction of microstrip 
line and two pairs of parallel coupled lines. The stepped impedance T-junction of microstip 
lines divides the input signal into two equal parts with good impedance matching which is 
connected to two pairs of coupled lines afterwards. As a result, the matching at the input port 
and the coupled structure is improved.  As depicted in Fig. 5.2, each pair of coupled lines is 
considered to be a four port device with two of its ports either as open circuited or short 
circuited.  
Two of them represent input and output terminal whereas the other is left open in case of in-
phase power divider and short circuited in case of out of phase power divider (Fig. 1). The 
two sides of pair of the coupled structure has loose coupling whereas the central section has 
tight coupling [43]. 
 
The best performance of the coupled structure i.e. low insertion loss and high return loss is 
achieved by keeping the length of the coupled structure a quarter of the effective wavelength 
at the center frequency of operation, which is (1+3)/2= 2GHz. Assuming physical length of 
the coupled structure is constant, the coupling length is equivalent to 90
○
 × 1/2= 45
○
 at 1 GHz 
and 90
○
 × 3/2= 135
○
 at 3 GHz. 
 
The length of the stepped impedance T-junction connected to the input port, L1 is chosen to 
be around a quarter of the effective wavelength at the center frequency of operation (2 GHz 
for the targeted band 1-3 GHz). The width of the input and output microstrip lines is chosen 
 
Fig. 5.1 Configuraion of the proposed power divider 
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to be Wm which is a characteristic impedance of (Z○) 50 Ω. Moreover, a pair of microstrip 
line with acceptable width of W3 to realize an impedance of √2Z○ is used to enable achieving 
the required matching. The length of microstrip line L3, is chosen to be a quarter of the 
effective wavelength at the center frequency of operation. 
5.2.2 Equivalent circuit 
To achieve the required matching at the two output ports across a wide frequency band, this 
proposed device utilizes a pair of quarter wavelength coupled microstrip lines which have an 
even- and odd-impedance of Zce and Zco and electrical length of θc, are used to connect the 
output ports. Moreover, to improve the isolation, a resistor (R) is connected between the 
microstrip line L4 for an enhanced isolation between the output ports and to realize tight 
coupling between the central sections of the coupled lines a chip capacitor is connected 
between the coupled lines to decrease its odd mode impedance.  
 
 
 
 
(a) 
 
(b) 
 
Fig. 5.2 Equivalent circuit of the proposed (a) in-phase and (b) out of phase power divider 
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Fig. 5.2 shows the equivalent circuit of the proposed power divider. Since the proposed 
device is symmetrical with respect to the middle line between the two output ports, so the 
circuit design of the proposed device are obtained by using even and odd mode analysis. Fig. 
5.3 demonstrates the equivalent circuit for the even mode and odd mode analysis 
respectively. In the even mode analysis, the symmetrical plane is magnetic wall and no 
current flows through the isolation resistor as depicted in Fig. 5.3(a). The even mode half 
circuit consists of series and shunt transmission lines and one resistor. As depicted in [43], for 
a coupling factor of 0.707 or 3 dB, the Zce =131Ω and Zco=41Ω. 
 
(a) 
 
(b) 
Fig 5.3 (a) Even mode circuit and (b) odd mode circuit 
 
Based on the even-odd mode analysis; it is possible to conclude that the design parameters 
for in-phase power divider should have the following values calculated at the wavelength of 
the center frequency (2 GHz): Z1=Z○/√2, Z2=Z3 =Z4=Z5= √2Z○, Zce= 131Ω, Zco=41Ω, θ1= 
θ3= θc= λ/4, θ2= λ/10, θ4= λ/27,θ5= λ/23,R=2Z○ and C=2pF whereas the parameters of the 
divider in (mm) were found to be Wm =1.16, Wc = 0.2, Lc =11.7, s=0.2 ,L1 =11.6, L2=4.8, L3= 
12.8, L4= 1.7, L5= 2, W1=2, and W2=W3 =W4=W5=0.5. The value of the capacitor for in-
phase structure is 2pF and for out of phase is 1 pF. 
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5.2.3 Simulation and measurement results 
 
 
Fig. 5.4 Top view of the fabricated in-phase (left) and out of phase (right) power divider 
 
 
(a)                                                                 (b) 
   
(c)                                                                 (d) 
Fig. 5.5 Performance of the power divider (a), (b) In-Phase (c), (d) Out of Phase 
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The proposed structure was designed following traditional technique of Wilkinson power 
divider, but with wideband performance and high isolation for in-phase and out of phase. 
Following the design technique of Wilkinson T-junction, transformer part and coupled lines 
are chosen to be around a quarter of the effective wavelength at the center frequency of 
operation. In order to match the traditional design part of the design to those coupled lines, 
the design was further optimized to obtain the values of θ2= λ/10, θ4= λ/27, θ5= λ/23 which 
improved the proposed structure to obtain wideband performance  
 
The designed power divider is prototyped and its performance is examined for verification. 
The photographs of the two proposed wideband in-phase and out-of-phase power divider are 
shown in Fig 5.4. Each prototype of both the power divider is printed on Rogers RO6010 
substrates (permittivity=10.2 and thickness=1.27mm). The proposed device is compact with 
total dimensions of 30mm × 50mm.  
 
Figure 5.5 depicts the simulated and measured performance of the proposed in-phase (a) and 
out of phase (b) power divider. The measurement results are well matched with the 
simulations. Fig. 5.4(a) shows the results of the in-phase power divider prototype. The 
measured return loss at the input as well as the output ports is larger than 10 dB over the 
frequency range from 1GHz to 3GHz or 100% fractional bandwidth. The minimum insertion 
loss is close to 3 dB with a variation of 0.3 dB between the output ports implying very low 
insertion loss. The isolation between the output ports is better than 15 dB over the frequency 
range from 1 GHz to 3GHz or a fractional bandwidth of 100% with less than 2
○
 phase 
difference. On the other hand, fig 5.5(b) shows the results of the out-of phase power divider 
prototype where return loss at each of the port is greater than 10 dB and isolation is better 
than 15 dB with 180
○
 phase difference over the frequency range from 1GHz to 3GHz or 
100%. 
 
5.3 Wideband In-phase Power Divider with High Isolation Using Open-ended Parallel 
Coupled lines 
In this section, an equal-split in-phase power divider for wideband applications is presented. 
The device is a modification of the traditional Wilkinson design by including open-ended 
parallel coupled microstrip lines at the output ports and a stepped impedance line at the input 
port to improve the impedance matching and isolation. To validate the design, a prototype is 
developed to operate across the band 1-3 GHz. 
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5.3.1 Design configurations 
The basic configuration of the proposed in-phase wideband power divider is shown in Fig 
5.6. At first, the Wilkinson power divider is designed across the band 1-3 GHz at the centre 
frequency of 2 GHz. However, the proposed device utilizes open-ended parallel coupled 
microstrip lines at the output ports. Moreover, two pairs of one quarter of effective 
wavelength of cascaded parallel coupled lines, which have an even and odd mode impedance 
of Zce and Zco and electrical length of θc, is added to the Wilkinson divider.  
 
Fig. 5.6 Configuration of the proposed power divider 
 
Each pair of the four ended parallel coupled microstrip line represents the input terminal at 
one end; another one represents the output terminal whereas the other two are left open-
ended. To obtain tight coupling between the coupled microstrip lines for wideband 
performance, a slotted ground plane is used underneath the coupled structure to increase the 
even mode impedance, whereas chip capacitors are connected between the coupled lines to 
reduce the odd-mode impedance. In this case, the chip capacitors are connected at the centre 
of each of the coupled lines leaving a reasonable gap between the coupled lines. The slot 
underneath the coupled line has a length Ls and width Ws. 
 
A stepped impedance T-junction is connected to the input port to divide the input signal into 
two equal parts that are conveyed to the two output terminal afterwards. A stepped 
impedance input line is used to improve the matching at the input port. The length of the 
stepped impedance L1 at the input port is chosen to be around a quarter of the effective 
wavelength at the centre frequency of operation (2 GHz). The width of the input and output 
microstrip lines (Wm) is chosen to be equal to the characteristic impedance of the ports 
(Z○=50 Ω). Moreover, a quarter wavelength microstrip line is connected to the T-junction 
with a width of √2Z○ (W2), which is connected to parallel coupled lines afterwards, for 
improved matching.  
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5.3.2 Equivalent circuit 
The equivalent circuit of the proposed power divider is shown in Fig. 5.7. Based on the even-
odd mode analysis as depicted in Fig 5.7 (b) and (c), it is possible to conclude that the design 
parameters should have the following values calculated at the wavelength (λ) of the centre 
frequency (2 GHz): Z1= Z○ /√2, Z2 =√2Z○, Zs=Z○, Zce =Zce =131.9 Ω, Zco =Zco =41.6 Ω, θ1 = 
θ2 =λ/4, θs=λ/39, θc= λ/4, R= 2Z○ and C= 2 pF.      
 
(a) 
 
(b) 
 
(c) 
Fig. 5.7 Equivalent circuit of the proposed device and even-odd mode circuits: (a) Equivalent 
circuit of the proposed device, (b) Even-mode circuit, (c) Odd-mode circuit 
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Table 5- I: Values of design parameters (dimensions in mm) 
Design 
Parameter 
Value 
Design 
Parameter 
Value 
W 20 s 0.2 
Ws 1.4 L1 11.6 
Wm 1.146 L2 12.3 
Wc 0.2 W1 2 
Lc 12 W2 0.5 
 
Using the microstrip design equations of [10], the dimensions of microstrip lines are 
calculated and therefore the final simulated structure is optimised based on the dimensions 
listed in Table 5-I. 
 
5.3.3 Results and discussion 
The proposed device is designed in RT6010 with dielectric constant of 10.2 and thickness of 
1.27 mm. The proposed design has a dimension 20 mm ×50 mm (inset of Fig 5.8). The 
developed power divider and the simulated (using HFSS) and measured performances are 
shown in Fig 5.8 and Fig 5.9. The return loss at the three ports of the device is more than 10 
dB across the band 1-3 GHz, whereas the isolation is more than 15 dB. It can be also 
observed that the insertion loss is 3.4 across the entire range from 1 to 3 GHz, i.e. S21=S31= 
-3.4 dB due to symmetry. Moreover, the phase difference between the output ports is less 
than 1
○
. 
 
Fig. 5.8 Fabricated power divider 
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(a)                                                                                 (b) 
Fig. 5.9 Performance of the proposed wideband power divider (a) Simulated and measured 
return loss and insertion loss, and (b) simulated and measured isolation and phase 
 
 
5.4 Wideband in-phase power divider with high isolation and medium 
power using two line structures 
 
In this section, a compact medium power in-phase power divider with planar structure is 
presented.  The proposed structure adopts Wilkinson power divider and open and short ended 
parallel coupled lines to improve the bandwidth and isolation at the output ports of a 
traditional Wilkinson power divider. All the divider is formed by installing a stepped 
impedance T-junction of microstrip lines and two line structures of coupled lines either open 
ended along with capacitors as lumped elements or short ended. The unique combination of 
open ended and short ended parallel coupled lines allowed achieving in-phase phase 
wideband performance of the proposed device. The proposed design is validated by 
simulations and measurements. 
5.4.1 Power divider configuration 
In the proposed structure, a two way in-phase phase power divider for wideband operation is 
investigated which not only achieves the power division for in-phase but also features the 
merits of simple configuration, compact size, high isolation, easy design and fabrication and 
better power handling capability. In each of the proposed design, a pair of parallel coupled 
lines is utilized instead of the quarter wavelength transmission line of the conventional 
Wilkinson power divider. To obtain better power handling capability of the proposed design, 
both end of each of the coupled lines near to port 2 and port 3 is changed from open to short 
circuited. All the devices operate from 1 to 3 GHz assuming 10 dB return loss and 15 dB 
isolation as the reference. The phase variation of the proposed power divider is less than 1 
degree in each case. 
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Fig. 5.10 Schematic diagrams of the proposed wideband power divider 
 
The configuration of the proposed wideband in-phase power divider is shown in Fig. 5.10. 
The proposed device utilizes parallel coupled microstrip lines (Zce, Zco, θc) replacing two 
quarter wavelength transmission line of the conventional Wilkinson design near the output 
ports. A stepped impedance T-junction (Z1, θ1) is connected to the input port to divide the 
input signal into two equal parts by using two connecting lines (Z2, θ2) that are conveyed to 
the two output terminal afterwards. A stepped impedance input line is used to improve the 
matching at the input port. An isolation resistor R is connected between the two connecting 
lines, whereas capacitors C are connected between the open ended parallel coupled lines. 
 
(a) 
 
(b) 
Fig. 5.11 Simplified equivalent circuit of the proposed power divider (a) even mode 
and (b) Odd mode 
5.4.2 Equivalent Circuit 
As the proposed structure is symmetric, it can be analysed by using even/odd mode method. 
Fig. 5.11 (a) and (b) depicts the even mode and odd mode equivalent circuits. In case of even 
mode analysis, the termination at input port (port 1) is characterized as 2Z○ and the 
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corresponding input impedances as Zein1 and Zein2. On the other hand, when odd mode 
excitation is applied, the corresponding input impedances is Zoin1 and Zoin2 
 
The electrical length of the stepped impedance T-junction and the connecting lines is chosen 
to be around a quarter of the effective wavelength at the centre frequency of operation, which 
is 2 GHz in this design. Therefore, it can be found that Z1= Z○ /√2, Z2 =√2Z○, and R= 2Z○, at 
the centre frequency, irrespective of the values of Zce and Zco 
 
To provide sufficient coupling at all ports, symmetric coupled lines is used as a matching 
element. In this case, coupling coefficient of the coupled structure is selected as 0.75 
(Zce=120Ω and Zco = 33.6Ω for short circuited and Zce=74Ω and Zco = 35Ω for open 
circuited). In case of short ended coupled line the impedance remains fixed as the 
transmission line is grounded whereas in the open ended line there is option for impedance 
transformation which makes the impedances between the coupled lines differ. The designing 
of these coupled lines follows the analysis of [107]. Moreover, in order to facilitate the 
achievement of tight coupling between the coupled microstrip lines, chip capacitors are 
connected at the centre of each of the open ended coupled lines leaving a reasonable gap 
between the coupled lines to reduce the odd-mode impedance. On the other hand, short 
circuited coupled lines can achieve similar performance without the chip capacitors. 
 
5.4.3 Results and discussion 
 
Fig. 5.12 Layout of the proposed power divider 
 
To validate the proposed method, each power divider is prototyped with 100% fractional 
bandwidth and its performance is examined for verification. The layout of the proposed 
wideband in-phase power divider is shown in Fig 5.12. The initial electrical parameters used 
are derived from the analysis above: Z1=Z○/√2, Z2= √2Z○, Zce=120Ω and Zco = 33.6Ω for 
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short circuited and Zce=74Ω and Zco = 35Ω for open circuited, θ1= θ2= θc= λ/4, R=2Z○ and 
C=2pF. The full wave simulator HFSS is used to verify the theoretical results. Each prototype 
of the power divider is printed on Rogers RO6010 substrates (permittivity=10.2 and 
thickness=1.27mm) with total dimensions of 30mm × 50mm. The theoretical parameters are 
optimized and the final design dimensions of the divider in (mm) were found to be Wm =1.16, 
Wc = 0.2, Lc =11.7, s=0.2, L1=11.6, L2=12.8, W1=2, and W2=0.5.  
 
 
(a) 
 
(b) 
Fig. 5 .13 Performance of the power divider (a) open circuited and (b) short circuited 
 
Figure 5.13 depicts the simulated and measured performance of the proposed two line (a), (b) 
power divider. The measurement results are well matched with the simulations. The 
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measured return loss at the input as well as the output ports is larger than 10 dB over the 
frequency range from 1GHz to 3GHz or 100% fractional bandwidth. The minimum insertion 
loss is close to 3 dB with a variation of 0.4 dB between the output ports implying very low 
insertion loss. The isolation between the output ports is better than 15 dB over the frequency 
range from 1 GHz to 3GHz or a fractional bandwidth of 100% with less than 1○ phase 
difference. 
 
5.5 Wideband Gysel power divider for Hyperthermia using parallel 
coupled microstrip lines 
In this section, a novel in-phase Gysel power divider with high power handling capability 
based on parallel coupled lines has been presented. A pair of parallel coupled line is used and 
good input/output impedance matching is achieved based on the proposed structure. Two 
grounded resistors are placed at one end of the coupled lines to improve the isolation between 
the output ports. A prototype of the presented power divider is designed, fabricated, and 
measured.  
 
5.5.1 Configuration of the proposed structure 
Fig 5.14 shows the schematic diagram of the proposed power divider.  The configuration of 
the power divider consists of two sections of transmission lines with a pair of coupled lines in 
each section and two grounded resistors. This new power divider needs two grounded 
resistors when the power division is equal at each port. 
 
The isolation part of the structure is formed by a pair of coupled lines with each end 
connected with a grounded resistor  With the grounded resistors, like a conventional Gysel 
power divider, the proposed power divider is also capable of handling high power.  
 
As depicted in Fig. 5.14, two pairs of parallel coupled lines are used. Each pair of the parallel 
coupled microstrip line consists of four ends. In the first section of coupled lines, one of them 
represent the input terminal; another one represents the output terminal whereas in the 
section, one end represents the input and the other two are connected to grounded resistors. 
To facilitate the achievement of high power, there is no slotted ground plane or chip capacitor 
in this design.  
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Fig 5.14 Configuration of the power divider 
 
The length of the coupled lines L1 at the first section is chosen to be around a quarter of the 
effective wavelength at the centre frequency of operation (2 GHz). The width of the input and 
output microstrip lines (Wm) is chosen to be equal to the characteristic impedance of the ports 
(Z○=50 Ω). Moreover, a quarter wavelength tightly coupled microstrip line with a width of 
√2Z○ (W2) is connected to it. That coupled line is then connected to resistors at the other end 
for improved matching and isolation.  
 
In this design, two pairs of one quarter of effective wavelength of parallel coupled lines, 
which have an even and odd mode impedance of Z1e and Z1o, Z2e  Z2o and electrical length of 
θ1 and θ2 are connected together. The equivalent circuit of the proposed power divider is 
shown in Fig. 5.15. Based on the even-odd mode analysis as depicted in Fig 2b and c, it is 
possible to conclude that the design parameters should have the following values calculated 
at the wavelength (λ) of the centre frequency (2 GHz): Z1e  =82 Ω, Z1o =45 Ω, Z2e = 113Ω, Z2o 
= 44Ω, θ1 = θ2 =λ/4, R= 2Z○  
 
The final simulated structure is optimised based on the dimensions listed in Table 5-II. 
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Table 5-II: Values of design parameters (dimensions in mm) 
Design 
Parameter 
Value 
Design 
Parameter 
Value 
W 20 s 0.2 
L 40 L2 10.6 
Wm 1.146 W2 0.3 
W1 0.6 L1 14 
 
 
 
a 
 
b 
 
c 
Fig. 5.15 Equivalent circuit of the proposed device and even-odd mode circuits: a Equivalent 
circuit of the proposed device, b Odd-mode circuit, c Even-mode circuit 
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5.5.2 Results and discussion 
The proposed device is designed in RT6010 with dielectric constant of 10.2 and thickness of 
1.27 mm. The proposed design has a dimension 20 mm ×40 mm (Fig 5.13). The developed 
power divider (Fig 5.16) and the simulated (using HFSS) and measured performances are 
shown in Fig 5.17.  
 
Fig 5.16 Fabricated power divider 
 
(a)                                                              (b) 
Fig 5.17 Performance of the power divider (a) Simulated and measured return loss and 
insertion loss, and (b) simulated and measured isolation and phase 
 
The return loss at the three ports of the device is more than 10 dB across the band 1.5-2.5 
GHz, whereas the isolation is more than 15 dB. It can be also observed that the insertion loss 
is 3.4 across the entire range from 1 to 3 GHz, i.e. S21=S31= -3.4 dB due to symmetry. 
Moreover, the phase difference between the output ports is less than 1
○
. 
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5.6 Wideband Gysel power divider for Hyperthermia using parallel 
coupled microstrip lines with extended transformer 
 
In this section, a novel in-phase Gysel power divider with high power handling capability and 
improved performance using coupled line and extended transformer has been presented. A 
pair of parallel coupled line is used and good input/output impedance matching is achieved 
based on the proposed structure. Two grounded resistors are placed at one end of the coupled 
lines to improve the isolation between the output ports. Moreover, an extended transformer 
has been added at the end of the coupled line to improve the insertion loss of the structure. A 
prototype of the presented power divider is designed, fabricated, and measured.  
 
5.6.1 Configuration of the proposed structure 
Fig 5.18 shows the schematic diagram of the proposed power divider.  The configuration of 
the power divider consists of a quarter wavelength transformer at the input with a pair of 
coupled lines in each section, two grounded resistors and an extended transformer section at 
the end. This new power divider needs two grounded resistors when the power division is 
equal at each port. 
 
The isolation part of the structure is formed by a pair of coupled lines with each end 
connected with a grounded resistor which is connected to the transformer furthermore. With 
the grounded resistors, like a conventional Gysel power divider, the proposed power divider 
is also capable of handling high power.  
 
As depicted in Fig. 5.18, each pair of the parallel coupled microstrip line consists of four ends 
where one end is connected to the output ports and the other two are connected to grounded 
resistors. To obtain high power handling capability, neither slotted ground plane nor chip 
capacitor are used in this design.  
 
The length of the coupled lines L1 at the first section is chosen to be around a quarter of the 
effective wavelength at the centre frequency of operation (2 GHz). The width of the input and 
output microstrip lines (Wm) is chosen to be equal to the characteristic impedance of the ports 
(Z○=50 Ω). Moreover, a quarter wavelength microstrip line is connected to it with a width W2 
for an impedance of √2Z○. After that, resistors are connected for improved matching and 
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isolation. Furthermore, three sections of quarter wavelength transmission line is connected to 
the end of the resistors which act as the extended transformer with an acceptable width W3. 
 
 
Fig 5.18 Configuration of the power divider 
 
In this design, a pair of one quarter of effective wavelength of parallel coupled lines, which 
have an even and odd mode impedance of Z2e, Z2o and electrical length of θ1 and θ2 are 
connected together. The equivalent circuit of the proposed power divider is shown in Fig. 
5.19. Based on the even-odd mode analysis as depicted in Fig 2b and c, it is possible to 
conclude that the design parameters should have the following values calculated at the 
wavelength (λ) of the centre frequency (2 GHz): Z1= 68 Ω, Z2e = 113Ω, Z2o = 44 Ω, Z3 =68 
Ω,  θ1 = θ2 = θ3= λ/4, R= 2Z○  
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a 
 
b 
 
c 
Fig. 5.19 Equivalent circuit of the proposed device and even-odd mode circuits: a Equivalent 
circuit of the proposed device, b Odd-mode circuit, c Even-mode circuit 
 
The final simulated structure is optimised based on the dimensions listed in Table 5-III. 
 
Table 5-III: Values of design parameters (dimensions in mm) 
Design 
Parameter 
Value 
Design 
Parameter 
Value 
W 20 s 0.2 
L 50 L2 16 
Wm 1.146 W2 0.3 
W1 0.5 L1 14 
W3 0.5 L3 10 
86 
 
 
5.6.2 Results and discussion 
The proposed device is designed in RT6010 with dielectric constant of 10.2 and thickness of 
1.27 mm. The proposed design has a dimension 20 mm ×50 mm (Fig 5.17). The developed 
power divider is shown in Fig. 5.20 and the simulated (using HFSS) and measured 
performances are shown in Fig 5.21.  
 
Fig 5.20 Photograph of the developed power divider 
 
(a)                                                              (b) 
Fig 5.21 Performance of the power divider (a) Simulated and measured return loss and 
insertion loss, and (b) simulated and measured isolation and phase 
 
The return loss at the three ports of the device is more than 10 dB across the band 1.5-2.5 
GHz, whereas the isolation is more than 17 dB. It can be also observed that the insertion loss 
is 3.4 across the entire range from 1 to 3 GHz, i.e. S21=S31= -3.4 dB due to symmetry. 
Moreover, the phase difference between the output ports is less than 1
○
. 
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Chapter 6 - Development of microwave based sub-systems 
using power dividers 
6.1 Leakage cancellation network as a sub-system  
In a monostatic radar system, one of the greatest challenges is to realize enough isolation 
between the transmitter and the receiver. As most of the radars use circulators to separate the 
transmitted signal from the received signal, the leakage power from the circulator and the 
reflected power from the antenna mismatch can leak into the receiving path. The leakage 
power is typically much higher than the actual radar return and can easily saturate the low-
noise amplifiers (LNAs) in the front-end of the receiver. In particular, radar systems using 
circulators require leakage cancellation techniques to increase their maximum detectable 
range because the receiving signal is obscured by the leakage signal and cannot be restored 
properly. Furthermore, a balanced topology can be applied for a radar system with integrated 
signal generation, requiring a symmetric structure composed of in-phase and out of phase 
power divider, which may have a limitation in size reduction. 
 
6.1.1 Network design configurations 
The basic idea of leakage cancellation network for monostatic radar approach is to generate a 
signal with opposite phase and equal amplitude to combine with leaked signal from 
transmitter port. In this case, the cancellation signal is generated by passive circuit method in 
the sacrifice of insertion loss. Although this passive method brings about -6dB insertion loss, 
the isolation performance is improved greatly. 
 
The overall configuration of the proposed leakage cancellation network is exhibited in Fig. 
6.1, whereas its equivalent circuit is exhibited in Fig. 2 and even and odd mode circuit in Fig. 
3. For designing the leakage cancellation network, three in-phase power dividers and one out 
of phase power divider are connected in such a way that the transmitting port is divided into 
two transmit signals with 180
○
 phase difference and equal magnitude through the out of 
phase power divider whereas half of the signal is transmitted to the antenna port and rest of 
the signal is absorbed by a 50 Ω resistor. As the two signals that leak to the in-phase power 
divider have 180° phase difference with equal magnitude, the mechanism of phase 
cancellation is realized at the receiving port and the leaked power is completely removed. For 
the operation of receive mode, the received signal from the antenna port is separated into two 
parts through the in-phase power divider; half of this signal is transmitted to the receiving 
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port, and the rest signal is circulated to the transmitting port. Since the received signal is very 
small compared with the transmitted signal and knowing that the transmitter usually uses 
unidirectional amplifiers, the effect of received signal on the transmitting path is negligible. 
 
 
Fig 6.1 Configuration of the leakage cancellation network 
All the ports of the proposed network are at the top, while the ground plane is located at the 
bottom layer of the substrate. The utilized structures of the power dividers and the whole 
network are symmetrical to avoid any phase or amplitude imbalance errors. The proposed 
structure is designed to achieve high isolation performance across the wide bandwidth 1-2.5 
GHz. In order to improve the bandwidth, microstrip to slotline transitions are applied in the 
input port instead of the traditional T-junction designs adopted in previous studies. Moreover, 
to improve the output impedance matching, microstrip to slotline transitions are attached to 
the output ports of the device through parallel coupled microstrip lines. Isolation resistors 
(R=100 Ω) are also connected between the loosely coupled lines of each of the in-phase 
power divider for the enhancing isolation between the output ports. The microstrip to slotline 
transitions consist of microstrip transmission lines (width of W1 and length of L1) terminated 
with short circuited capacitive circular stubs with radii rm. On the contrary, the slotline at the 
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ground is terminated with circular shaped open circuited inductive slots with radii rs. The 
design procedures of [9] are followed to design the transition. The slot length Ls is around 
λg/4 and the width (WS) is selected to be 2Zo, where Zo (50 Ω) is the characteristic 
impedance of all the ports of the network. 
 
(a) 
 
(b)                                                            (c) 
Fig. 6.2 (a) Equivalent circuit of the proposed network, (b) even and (c) odd mode circuits of 
the proposed network 
In case of the out-of-phase structure, the input port is attached to a microstrip to slotline 
transition facilitating a tight coupling between the microstrip input port and a slotline of the 
structure. The wave from the input port is guided to the two microstrip terminals by using a 
rectangle shaped slotline of width Ws1 and length Ls1 with two circles at end in the ground. 
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Moreover, the microstrip input port is terminated with a capacitive stub and the slotline is 
terminated with inductive stubs which is similar to the in-phase part of the network. 
 
The output terminals of the transition with width Wm1 (for an impedance of Zm1) and length 
of Lm1 with an electrical length of θm1 are connected to the output ports of the whole 
structure using a pair of microstrip coupled lines with a width of W1 and length of L1. To 
further improve the output matching, two open-ended stubs (Wstub × Lstub) are connected in 
parallel with the output ports. 
 
For improving the isolation between the output ports, a narrow slotline with two rectangular 
dumbbell shaped slots of width Ws2 and length Ls2 (electrical length of θs2) is placed 
underneath the two coupled microstrip lines connected to the output ports. The isolation 
resistor (R=100Ω) is connected across the narrow gap of the dumbbell slots. 
 
The design technique of the microstrip-slotline-microstrip transition follows the technique 
presented in [10]. The slotline length at the ground plane (Ls1) is selected around λ/10 of the 
effective wavelength at the centre frequency of operation. Also, the slot width (Ws1) is 
selected as 2Zo(=100 Ω), whereas radii of the microstrip patches as well as slots, i.e. rm and 
rs, are selected to be less than quarter wavelength at the highest frequency of operation. The 
remaining design parameters of the device are calculated following the even and odd-mode 
circuit analysis of the structure as shown in Fig. 6.2. 
Based on the operation principle above, in order to validate bandwidth improvement and high 
isolation performance at the Rx port of the proposed architecture, the circuit simulation is 
done by using the HFSS model of the out of phase and three in-phase power dividers, as 
shown in Fig.6.1.  
 
6.1.2 Experimental Results and discussion 
 
The validity of the sub-system was tested by designing and manufacturing a leakage 
cancellation network operating across the band from 1 GHz to 2.4 GHz. The substrate Rogers 
RO4003 with 3.38 dielectric constant, 0.406 mm thickness and 0.0027 loss tangent is selected 
for the design and fabrication of the power divider. A photograph of the fabricated network is 
shown in Fig. 6.3. The vector network analyzer (R&S ZVA 24) was used for its test and 
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measurement. SMA (sub-miniature) connectors were used to connect the manufactured 
device to the measuring tool. 
 
 
(a)                                                                (b) 
Fig 6.3 Photograph of the developed leakage cancellation network. (a) Top layer and (b) 
bottom layer 
 
(a)                                                             (b) 
Figure 6.4 Performance of the leakage cancellation network. (a) Return loss and (b) isolation 
and insertion loss 
 
Figure 6.4 (a) and (b) illustrates the performance of the developed device using simulated and 
measured results. It is found that the input power is equally divided between the output ports, 
i.e. S21 =S32 = -6 dB, with an additional insertion loss of less than 0.5 dB across the band 1-
2.4 GHz. The isolation between the two output ports is more than 38 dB across the band 1-2.4 
GHz. The return loss at the input port is more than 10 dB across the band 1-2.4 GHz, whereas 
the return losses at the output ports of the device (S22 = S33 due to symmetry) is more than 10 
dB across the whole band of investigation, i.e. 1-2.4 GHz, as depicted in Fig. 6.3. 
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The presented simulated and measured results of the device are in a general reasonable 
agreement. The discrepancies between them, especially in the results for the output ports’ 
return losses, are due to the use of the coaxial ports in the experiments, tolerance of resistor 
value and imperfect fabrication process. 
 
6.1.3 Conclusion 
The operation of improved leakage cancellation network which enhances the cancellation 
bandwidth and isolation performance has been demonstrated. The phase cancellation 
technique needs to control the phase and amplitude of the generating cancellation signal 
accurately. Wideband power divider is utilized to broaden cancellation bandwidth. This 
cancellation architecture is very suitable for manufacturing planar circuit based on microstrip 
technique which can reduce cost and realize miniaturization. This proposed leakage 
cancellation network can be used in monostatic radar applications. 
 
6.2 Multiport Feeding Network 
In this section, a novel multiport feeding network for microwave brain hyperthermia with 
high power handling capability and improved performance has been presented. In order to 
design the feeding network, design techniques of Gysel power divider has been applied which 
consists of a pair of parallel coupled line and good input/output impedance matching is 
achieved based on the proposed structure. Two grounded resistors are placed at one end of 
the coupled lines to improve the isolation between the output ports. Moreover, an extended 
transformer has been added at the end of the coupled line to improve the insertion loss of the 
structure. A prototype of the presented power divider is designed, fabricated, and measured.  
 
6.2.1 Design technique 
Fig 6.5 shows the configuration of the proposed feeding network. At first a two-way power 
divider is designed following the design guidelines of Fig 5.18 and then two more similar 
power dividers are cascaded in order to build the four port network. Each section of the 
power divider consists of two transformers, one is connected to the input port and the other is 
an extended transformer for impedance matching. Moreover, a pair of coupled lines is 
connected to the output ports in each section with two grounded resistors at the other end. 
This new power divider needs six grounded resistors when the power division is equal at each 
port. 
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A pair of quarter wavelength coupled lines, with each end connected with a grounded 
resistor, forms the isolation part of the design which is connected to an extended impedance 
transformer. The proposed power divider is capable of handling high power with the 
grounded resistors, like a conventional Gysel power divider. 
 
 
Fig 6.5 Configuration of the feeding network 
The design guidelines are similar to that Fig 5.18. In each section of the power divider, the 
length and width of the coupled lines L1 and W1 is a quarter of the effective wavelength at the 
centre frequency of operation (2 GHz). The width of the input and output microstrip lines 
(Wm) is chosen to be equal to the characteristic impedance of the ports (Z○=50 Ω). Moreover, 
a quarter wavelength tightly coupled microstrip line is connected to it with acceptable width 
of W2, which is connected to grounded resistors afterwards, for improved matching and 
isolation. Furthermore, a quarter wavelength transformer is connected to the end of the 
resistors which act as the extended transformer with an acceptable width W3. Each of the 
power divider is connected by a half wavelength transmission line L4 with width of W4. 
 
The first transformer connected to the input has an impedance of Z1and electrical length of 
θ1, and the quarter wavelength parallel coupled lines have an even and odd mode impedance 
of Z2e, Z2o and electrical length θ2. Based on the even-odd mode analysis for each section of 
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the strcture following the similar approach as that of chapter 5, it is possible to conclude that 
the design parameters should have the following values calculated at the wavelength (λ) of 
the centre frequency (2 GHz): Z1 =68 Ω, Z2e = 113Ω, Z2o = 44Ω, Z3 =68Ω,  θ1 = θ2 = θ3= λ/4, 
θ4= λ/2,  R= 2Z○  
 
6.2.2 Experimental results and discussion 
The proposed device is designed in RT6010 with dielectric constant of 10.2 and thickness of 
1.27 mm. The proposed design has a dimension 20 mm ×50 mm (Fig 6.5). The developed 
power divider is shown in Fig. 6.6 and the simulated (using HFSS) and measured 
performances are shown in Fig 6.7.  
 
Fig 6.6 Photograph of the developed network 
 
The return loss at the three ports of the device is more than 10 dB across the band 1.5-2.5 
GHz, whereas the isolation is more than 17 dB. It can be also observed that the insertion loss 
is 3.4 across the entire range from 1 to 3 GHz, i.e. S21=S31= -5.8 dB due to symmetry. 
Moreover, the phase difference between the output ports is less than 1
○
. 
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(a)                                                                       (b) 
Fig 6.7 Performance of the feeding network (a) simulated and measured return loss and 
insertion loss and (b) simulated and measured isolation and phase 
 
6.3 Microwave Hyperthermia System using power divider as feeding network 
Microwave-induced hyperthermia has received increased attention in recent years in the 
treatment of cancer. It is an effective way to treat tumors. The main objective of this 
treatment is to elevate the temperature of cancerous tissue above 42
○
C to induce cell death 
while maintaining normal temperature in the surrounding normal tissues. Recently, 
microwave hyperthermia of brain tumor has gained attention due to advances in microwave 
hardware.  
In a microwave hyperthermia system, the effective way to shape the temperature distribution 
can be realized by optimizing the electric field distribution inside the head via optimizing the 
excitation signals of the used antenna elements. As a result, a beam focusing network [6] is 
required to control the phase and amplitude of each antenna for an accurate focusing of 
microwave power at a tumor location inside the head. In this case, the power divider is highly 
demanded in microwave hyperthermia as a feeding network. Since different hyperthermia 
applications require different frequencies of operation, a global feeding network needs to be 
designed to cover the whole bands usually used in microwave hyperthermia. 
 
6.3.1 System development using two element antenna arrays 
 
In order to build the two element antenna array, a modified power divider (Section 5.2 of 
Chapter 5) with compact size and wideband performance is used. The power divider acts as 
the feeding network which is designed for microwave system from 1 to 3 GHz. The two 
devices operate from 1 to more than 3 GHz assuming 10 dB of return loss as the reference. 
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For the power divider, the high isolation between the output terminals is important to avoid 
any mutual effects between the antenna elements. Thus, the presented power divider has 
more than 15 dB of isolation across the band of interest. As a proof of concept, the design 
feeding network is tested in the presence of a realistic head phantom to show the distribution 
of electric fields in the head.    
 
In this work, a wideband exponentially corrugated tapered slot antenna is implemented [8]. 
The geometry and the detailed parameters of the antenna are shown in Fig 6.8(a). The 
radiating structure of the antenna is in the form of antipodal corrugation. The width of the 
antenna is equal to the half of the effective wavelength at the lowest frequency of operation 
(1 GHz). The slot of the radiators and the ground plane of the Microstrip is tapered 
exponentially. The major and secondary radii of this ellipse are chosen using the guidelines 
presented in [10]. The dimensions of the antenna using the substrate Rogers RO3010 with 
dielectric constant = 10.2 and thickness = 1.28 mm are W = 53 mm, Wd = 21 mm, L = 90 
mm, Lf = 11.5 mm, R1 =43.8 mm, R2 = 8.7 mm, and Wf = 1.189 mm. The slots used for the 
corrugations have a length SL = 43.5 mm, whereas the space between each neighbouring pair 
of slots is Sw = 1 mm. Fig. 6.8 illustrates that the antenna has more than 10 dB return loss 
across the band from 1.35 GHz to 3.0 GHz. 
  
Fig 6.8 (a) Whole configuration and (b) performance of the antenna 
 
 
The network [108] consists of the proposed power divider, a phase shifter and the two 
elements of the tapered slot antenna. One of the possible circuits to be used as a phase shifter 
in this network is the coupled-line phase shifter presented in [9]. A combination of the far 
field patterns of the two antenna elements with same phase and amplitude at each antenna 
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input port produces the required radiation pattern which is achieved using the circuit 
simulator CST Design Studio. The antenna element spacing is an important element in the 
antenna array which determines the directivity with minimum mutual coupling. In this case, 
the solution converges to a maximum for the spacing of 40 mm. The antenna array with the 
feeding network is shown in Fig. 6.9. In this case, each of the devices is placed into the CST 
DS schematic and linked to the full-wave electromagnetic simulator afterwards. 
 
The S-parameter and directivity of the complete system, consisting of all the three connected 
blocks, are obtained as shown in Fig 6.10 and Fig 6.11. From the return loss of the complete 
system, it is found that the proposed two ways modified Wilkinson power divider provides an 
in-phase signal to each port of the antenna, which generates more than 10 dB return loss over 
the band of the operating frequency (1 to more than 3 GHz). 
 
Figure 6.9: Schematic of the complete system [108] 
 
 
Figure 6.10: Reflection coefficient of the complete system 
 
As an example of how the presented feeding network can be used to control the direction of 
the main beam of the complete network, the phase shifter [9] is tuned to give 0
○
, 10
○
 and 20
○
 
phase shift. The results depicted in Fig.6.11 at 2.5 GHz validate the controllability of the 
mean beam direction.  
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Figure 6.11: Directivity of the complete system at (a) 2.5 and (b) 3.5 GHz 
 
Finally, as initial test on the feasibility of the designed network for brain tumor hyperthermia, 
a head phantom that includes the main tissues found in the human brain; skull, grey matter, 
white matter, and the cerebral spinal fluid (CSF) is placed in front of the network in the CST 
simulation environment. The electrical field distribution inside the head phantom is observed 
by the beam focusing network at 1 GHz and 2 GHz (Fig 6.12), which shows penetration 
depth inside the head. It is clear that the low frequency 1 GHz has better penetration than the 
2 GHz. However, it is expected that the focusing at 2 GHz will be better than the lower 
frequency bands. Thus, a compromise between the required hyperthermia focusing and head 
penetration will decide the best frequency for this application and this will be a topic for 
further research.  
 
 
 
 
 
 
 
 
Figure 6.12: Electrical field distribution inside the head phantom at (a) 1 GHz and (b) 2 GHz. 
 
6.3.2 System development using four element antenna arrays 
 
In following the similar approach, simulation environment has been built using four antenna 
elements in CST Microwave Studio which consists of the four antenna elements and SAM 
(Specific Anthropomorphic Mannequin) head phantom. The aim of this work is to raise the 
99 
 
temperature to above 40℃ in a volume of 1 𝑐𝑚3 at the tumour location, while maintaining 
normal temperature at the healthy head tissue. It includes the co-simulation of EM focusing 
and thermal analysis. The main strategy is to first perform EM focusing to obtain the 
excitation phases for the antennas. The thermal analysis is then carried out to obtain the 
scaling factors for each sub-array to produce the desired temperature at the target location. In 
this step, the EM and thermal simulations are coupled together.  
 
The SAM head phantom is modelled by a shell filled with a liquid which represents the 
average material properties of the head. It consists of two parts: The outer part which is 
considered as the skull (thickness of 2 mm), and the inner part which emulates the average 
dielectric properties of the soft tissues inside the brain. The material properties of the shell 
(skull) are defined at the centre frequency by the dielectric constant and conductivity of 3.7 
and 0.016 S/m, respectively. The material of the fluid inside the head is defined as a 
broadband frequency-dependent with material average conductivity across the frequency 
band from 1 to 4 GHz is 0.99 S/m and relative permittivity of 40. The advantage of this 
model is that it approximates real-life laboratory measurements. 
 
The simulations are stopped when the steady state temperature achieves the desired value at 
the tumour location while confirming that the temperature at the other locations is at the 
normal levels. The final temperature distribution is realized using an appropriate scale factor, 
which is accordingly used to compute the required excitation amplitudes for the antennas. 
The realistic temperature of 37℃ is chosen for the body, while the background is assumed at 
the room temperature. In this simulation, the phase for each of the antenna elements was 
chosen to be 0, 90, 180 and 270 degree respectively. Finally, transient simulation is 
performed in order to obtain the total time required to heat the tumor location. The simulation 
environment of the hyperthermia with SAM phantom is shown in Fig 6.13 which represents 
that it can focus the beam at target location. 
 
Furthermore, the simulation environment is verified using a realistic head phantom 
containing main tissues found in the human brain; skull, grey matter, white matter, and the 
cerebral spinal fluid (CSF) and similar transient as well as thermal simulation is carried out to 
prove that the beam can be focused using the realistic head model based on the same antenna 
elements. The simulation environment of the hyperthermia with realistic phantom is shown in 
Fig 6.14 which represents that it can focus the beam at target location. 
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                    (a)                                       (b) 
 
 
(c)                                                    (d) 
Fig.6.13 Temperature distribution inside the head phantom after (a),(c) 30 minutes  and (b), 
(d) 60 minutes of heating 
 
   
                        (a)                                                                       (b) 
Fig.6.14 Temperature distribution inside the head phantom for beam focusing 
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6.3.3 Conclusion 
The focusing technique presented in this chapter can focus the beam at the target location 
while keeping the temperature in the surrounding environment of the head tissue at normal 
temperature which proves that the system can be applied for brain hyperthermia treatment. 
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Chapter 7 – Conclusions and Future Work 
7.1 Conclusions  
During the past few years, microwave bio-medical applications have been drawing increasing 
interest due to its potential to be developed as low cost detection and treatment system. 
Among numerous bio-medical applications, the monostatic radar approach for brain stroke 
detection and microwave brain hyperthermia treatment are the promising and valuable 
applications. A complete microwave system includes hardware and software consisting of 
antennas, microwave transceiver, feeding network, and signal processing algorithms. The 
power dividers used to construct the feeding networks are integrated with the hardware part 
via an antenna array to provide the required outcome of the system. Numerous microwave 
power dividers as the feeding network have been researched during the past few years. Those 
proposed techniques exhibited the great potential of microwave systems; however, several 
drawbacks still exist in those techniques and need to be resolved. 
 
This thesis has reported the design and development of wideband microwave power dividers 
as wideband feeding network, and its application in bio-medical application were also 
presented in Chapter 6 in order to solve the challenges of designing microwave power 
dividers. 
 
In Chapter 2, the topology of Wilkinson and Gysel power dividers, and their relative 
performance were briefly summarised. In Chapter 3, S parameters, ABCD parameters, 
even/odd mode analysis, and microstrip to slot line coupling were reviewed. 
 
In Chapter 4, microstrip to slotline based design approach was proposed for increasing the 
overall bandwidth of the devices. The core concept in proposed technique was to use single 
layer substrate to integrate microstrip to slotline transition, instead of using a multilayer 
approach with increased fabrication cost. Several novel techniques have been included in 
order to obtain industry standard isolation performance as well as insertion loss across the 
whole bandwidth with improved efficiency. The proposed technique was firstly developed 
using equivalent circuit model based on theory and required calculation were performed to 
obtain the physical dimension of the proposed structure. Following the calculated results, the 
design was developed using electromagnetic simulators to obtain simulated results in realistic 
scenarios. To further verify the proposed structure, the design was fabricated and tested and 
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the measured results were compared with the existing techniques in order to present the 
superior performance of the proposed technique. 
 
In Chapter 5, microstrip coupled line based design approach was proposed for increasing the 
overall bandwidth of the devices. The main purpose of the proposed technique was to design 
power divider with high power handling capability which makes it much easier to realize 
good thermal performance other than using Wilkinson divider approach. Several novel 
techniques have been included in order to obtain industry standard isolation performance as 
well as insertion loss across the whole bandwidth with improved efficiency. The proposed 
technique was firstly developed using equivalent circuit model based on theory and required 
calculation were performed to obtain the physical dimension of the proposed structure. 
Following the calculated results, the design was developed using electromagnetic simulators 
to obtain simulated results in realistic scenarios. To further verify the proposed structure, the 
designs were fabricated and tested and the measured results were compared with the existing 
techniques in order to present the superior performance of the proposed technique. 
 
In Chapter 6, leakage cancellation was proposed by integrating in-phase and out of phase 
power divider. Both the power dividers were designed using microstrip to slotline technology 
in order to obtain wideband performance. The core concept of the proposed approach to 
design the network was to obtain wideband performance with high isolation compared to the 
available design techniques in the literature. To verify the proposed structure, the design was 
fabricated and tested and the measured results were compared with the existing techniques in 
order to present the efficient performance of the proposed technique. 
 
In Chapter 6, multiport feeding network was designed with high power handling capability. 
In this case, the Gysel power divider approach was followed using a novel technique of 
parallel coupled line in order to obtain wideband performance of the structure. The design 
was fabricated and tested to verify the proposed structure. Moreover, simulation environment 
of microwave brain hyperthermia was developed using two way and four-way power dividers 
as the feeding network via antenna array. The proposed model could focus the beam at the 
target location of the tumor location which was verified using the simulation environment. 
 
 
 
104 
 
7.2 Future Work 
In this thesis, several novel techniques were proposed to solve the main problems in current 
microwave device designs. Although the results are promising, several remaining issues can 
still be addressed in the future research plan: 
1. All of the techniques proposed in Chapter 4 and 5 for designing feeding network in 
this thesis are using microstrip to slotline transition and coupled microstrip line with 
fixed amplitude and phase. However, during recent years, tunable and reconfigurable 
device is attracting more attention due to its potential to provide beam switching 
capability of the antenna array network. In order to build beam switching antenna 
array, it is important to build tunable or reconfigurable feeding network. Therefore, it 
is important to the extent the proposed techniques to tunability or reconfigurability. 
2. In order to design the reconfigurable feeding network, a possible alternative approach 
such as Butler matrix can be designed. To design the Butler matrix it will be required 
to design various reconfigurable devices such as coupler, crossover, phase shifter and 
finally integrates all these devices to form the Butler matrix with experimental 
validation. 
3. In Chapter 6, four port feeding network has been designed to build the microwave 
hyperthermia system. In order to obtain more focused beam at the target location of 
the tumor of the head, it is important to use antenna array consisting of more antenna 
elements. In this case, it will be required to design feeding network with more than 
four ports such as 16 ports network and validate the design with experimental results. 
4. The microwave brain hyperthermia model in Chapter 6 was only evaluated under 
simulation environment. With the aim to test the proposed model into experimental 
results, realistic thermo-dielectric head phantom with tumor will be developed and all 
the microwave devices will be integrated together to build the system and collect the 
measurement data which is the final goal. 
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